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Abstract

Due to the magnetoelectric coupling between ferroelectric and magnetic
orderings, multiferroic materials are a promising family with great potential
applications, such as multistate memory elements and magnetic field sensors.
However, weak coupling and extremely low coupling temperature are two
insurmountable problems for single phase multiferroic materials, and the hexagonal
manganites are no exception. A two-dimensional triangular magnetic structure is a
typical characteristic of the hexagonal manganite family. Hence, this family is an
ideal system to investigate multiferroic properties with two-dimensional frustrated
magnetic structure. In this thesis, so as to improve these two key drawbacks of the
hexagonal manganites, the doping effects on ErMnO3 and HoMnO3 compounds are
systematically investigated through Cu and Fe doping at the Mn site of ErMnO3, as
well as Er doping at the Ho site of HoMnO3. All the compounds were prepared by
the solid state reaction method, which can be indexed to the hexagonal structure with
the P63cm space group. Another two common features of the hexagonal manganites
were also confirmed in this study. On the one hand, no magnetic transitions were
observed in the temperature dependent magnetic susceptibility data, because the
antiferromagnetic ordering moments of Mn3+ ions are masked by the paramagnetism
from rare earth ions. On the other hand, all transition metal ions in the as-prepared
samples remain stable in the high spin states, indicating that no effective changes of
the trigonal bipyramidal crystal fields are induced to modify the spin states.
As for single phase ErCuxMn1-xO3 (0 ≤ x ≤ 0.1) compounds, the doping effect on
the crystal structure, magnetic properties, and dielectric properties were
systematically studied. Rietveld refinement indicates that the a lattice parameter
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increases and the c lattice parameter decreases with increasing Cu concentration. The
magnetic moments of doped samples are enhanced, which is due to modification of
the frustrated spin arrangement by the superexchange interaction between Cu2+ ions
and Mn3+ ions. The specific heat capacity data show a peak at the antiferromagnetic
transition temperature, which decreases from 77 K for x = 0 to 61 K for x = 0.1. The
frequency dependence of the dielectric constant and the dielectric loss both increase
with the higher doping levels, indicating the enhancement of corresponding
conductivity. A large negative magnetocapacitance effect was observed in
paramagnetic-state ErCu0.05Mn0.95O3 at 300 K, which shows that the dielectric
constant decreases with increasing magnetic field at fixed frequencies. For example,
the dielectric constant changes from 38.8 to 12.3 at 1 MHz, a decrease of 68.3%.
In the single phase hexagonal ErFexMn1-xO3 (0 ≤ x ≤ 0.15) system, lattice
parameters a and c first decrease with doping, but this is followed by a subsequent
increase at higher doping levels. Although the magnetic susceptibility data do not
show any clear magnetic transition, intrinsic antiferromagnetic ordering is indicated
by the negative values of the Curie-Weiss temperature, which changes in agreement
with the doping evolution of lattice parameter a. The specific heat capacity data
show that the antiferromagnetic transition temperature increases from 77 K for
ErMnO3 to 80 K for ErFe0.15Mn0.85O3. Furthermore, the magnetizations of these
compounds slightly decrease with increasing doping level. The real part of complex
impedance of these samples increase for higher doping levels over the whole
frequency range from 100 Hz to 4 MHz, indicating enhanced insulativity with the
more Fe contents.
The Ho1-xErxMnO3 (0 ≤ x ≤ 1) compounds are an Er and Ho mutual doping
system, of which samples with x = 0.5 and 0.6 show the coexistence of ErMnO3 and
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HoMnO3. The Er doping effects on single phase compounds are investigated in terms
of crystal structures, magnetization, specific heat, dielectric constant, and
ferroelectric hysteresis loops. The a lattice parameter decreases as the Er content
increases, whereas the c lattice parameter nearly keeps constant with pretty minor
fluctuations. The slight doping evolution of the structure of the Mn-O5 trigonal
bipyramid polyhedron is consistent with the stability of the high spin state of Mn3+
ions. The isothermal magnetization is reduced with increasing Er content. Specific
heat data show that the antiferromagnetic transition temperature rises from 72 K for
HoMnO3 to 76 K for ErMnO3. Dielectric data and ferroelectric hysteresis loops show
all the samples are not only ferroelectric materials with leaky nature, but also with
dielectric relaxation related to oxygen vacancies.
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Chapter 1 Introduction
1.1 An overview of multiferroics
1.1.1

The definitions of multiferroics

The term “multiferroics”, first proposed by H. Schmid in 1994, is used to define
a novel class of materials which can simultaneously show two or all three of the
primary ferroic properties (ferromagnetism, ferroelectricity, and ferroelasticity) in
the same phase [1]. Figure 1.1 is a schematic diagram of the different types of
couplings existing in materials. The term “ferroic properties” was introduced
formally by Aizu in 1970 to characterize any kind of mimetically twinned crystals
where one or more twin components can be shifted to other equivalent states by
employing appropriate external driving forces, such as magnetic fields, electric
fields, and mechanical stress [2]. A ferroelectric (FE) material has spontaneous
electrical polarization that can be switched by an applied electric field. A
ferromagnetic (FM) material shows spontaneous magnetization with the formation
of domains, and the magnetization tends to be aligned in the direction of an external
magnetic field. Ferroelasticity indicates the start of a spontaneous deformation in a
material after a structural transition, where the deformation can be reoriented by
applying a mechanical stress. The coexistence of ferroelasticity and ferroelectricity
has stimulated a well-known research field called piezoelectricity, while the
simultaneous existence of ferroelasticity and ferromagnetism has introduced the
novel phenomenon of magnetoelasticity. As a result, there is a trend to exclude the
ferroelastic aspect when describing multiferroic properties.
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Figure 1.1 Schematic diagram of different types of couplings existing in materials.
The coupling between ferroelectricity and magnetism is called magnetoelectricity
[3].

In addition, with the antiferroic orders considered, the definition of multiferroics
was broadened to any materials in which magnetic orderings, electric orderings, and
ferroelasticity can coexist in the same phase. The number of materials with
antiferroic orders is much larger than that of the initially defined multiferroics. In
this case, the topic of multiferroics can be studied with a much larger quantities of
materials. However, the multiferroic materials extensively mentioned at present are
the ones exhibiting the coexistence of magnetism and ferroelectricity, which are
also called ferroelectromagnets [4]. This is the preferred way to describe
multiferroics in the thesis, although several different definitions causing some
confusion can be frequently found in other reports. Magnetoelectric materials show
magnetoelectric coupling between any kinds of magnetic and electrical order
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parameters. Figure 1.2 shows the relationship between multiferroic and
magnetoelectric materials, making the classification of multiferroics clearer.
Obviously, multiferroics just overlap with magnetoelectric materials in very limited
range.

Figure 1.2 The relationship between multiferroic and magnetoelectric materials [5].

1.1.2

Novel properties and applications

Ferroelectricity and magnetism are two evergreen research fields that have been
attracting great interest from the beginning of the last century. The association
between ferroelectricity and magnetism has just been made since the discovery that
the ability of these properties can mutually induce each other in certain materials [6,
7]. Considerable practical applications have been yielded owing to their invaluable
properties in terms of physics, chemistry, and mechanics. Ferroelectrics are
materials that exhibit a structural transition from a non-polar phase with
centrosymmetry to a polar ferroelectric phase with non-centrosymmetry. Rochelle
salt, discovered in 1921 by Valasek, is the first ferroelectric material showing
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hysteresis in polarization, dielectric function, and strain [8]. In order to have FE
features, the spontaneous polarization axis of a FE material should have no less than
two equilibrium directions in response to an electric inducement, so that the
spontaneous polarization tends to be aligned along the axis direction closest to the
orientation of an external electric field. Ferroelectrics are classified into two
categories according to the origin of the ferroelectricity, that is, proper ferroelectrics
and improper ferroelectrics [9]. The former is generated by the electronic pairing
between a transition metal ion and an oxygen ion. By contrast, the mechanism of
the latter is more complicated than the former. Possible factors responsible for
improper ferroelectricity include complex lattice distortion and certain types of
ordering, such as charge ordering and magnetic ordering. The most extensively
investigated and widely utilized ferroelectric materials are oxides with the
perovskite structure having a general formula of ABO3 (A cation of large size than
B). The origin of ferroelectricity is in the off-centre shifts of the B-site transition
metal. In all known conventional ferroelectric perovskites, the B-site transition
metals have an empty d-shell with the electronic configuration d0, which is
responsible for the off-centre displacements of transition metals in BO6 oxygen
octahedra. This is because the empty d-orbitals of transition metals can favour
transition metal ions displacing from the centre of their oxygen octahedra to certain
neighbouring oxygen atoms, by forming strong covalent bonds with these oxygen
atoms at the cost of lessening the bonds with the remaining ones. Figure 1.3 shows
the B-site displacements leading to ferroelectricity in one unit cell of a perovskite
ferroelectric compound (ABO3). BaTiO3 is one of the most representative materials
in this class, in which the ferroelectric properties can be attributed to the
displacement of the Ti3+ ions relative to the surrounding oxygen octahedron [10].
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Remarkably, once the d-orbitals of ferroelectric perovskites are occupied by any
electrons, the ferroelectricity disappears, and it is replaced by the emergence of
magnetism. Owing to their distinctive properties, ferroelectric materials are used in
a number of applications, including transducers, actuators, capacitors, non-volatile
random access memories, and dynamic random access memories [11].

Figure 1.3 Schematic diagram of how the B-site displacement leads to
ferroelectricity in one unit cell of a perovskite ferroelectric compound (ABO3) [10].
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Figure 1.4 The ordering arrangements of ferromagnets, antiferromagnets,
ferrimagnets, and canted antiferromagnets [12].

The macroscopic magnetism can be ascribed to two contributions. The first is the
magnetic moment of each atom or ion, while the interactions between magnetic
moments are regarded as the second determinant. If there are no unpaired electrons
in one atom, this atom can not possess any net magnetic moment, leading to
diamagnetic behavior. By contrast, for atoms with unpaired electrons,
magnetization is able to arise in an external magnetic field, as the magnetic moment
of an atom generated by the unpaired electrons tends to be aligned in the direction
of an external field. The magnetism of an atom is produced by the magnetic
moments of localized electrons that mainly occur in the partially filled d or f shell
of transition-metal or rare-earth ions. Three types of magnetic ordering,
ferromagnetism, antiferromagnetism, and ferrimagnetism, have been distinguished
in terms of the different interactions between magnetic dipoles, and these are
considered as the three magnetic parameters contributing to multiferroics [12]. The
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applications of ferromagnetic materials are decided by the features of their
hysteresis loops to a great extent. A square-shaped hysteresis loop has two steady
magnetization states, appropriate to be used for magnetic data storage. Ferrimagnets
have similar behavior to ferromagnetic materials due to the possession of a net
overall magnetization. By comparison, a small hysteresis loop easily cycled
between states is suitable for a transformer core in a high frequency alternating
magnetic field. Antiferromagnets that do not have a net overall magnetization can
not

be

widely

applied

to

practical

applications.

Furthermore,

canted

antiferromagnetic materials also can exhibit weak magnetism as a result of small
uncancelled magnetic moments. Figure 1.4 shows the ordering arrangements of
ferromagnets, antiferromagnets, ferrimagnets, and canted antiferromagnets.
Multiferroic materials have attracted considerable research interest, due to their
great scientific and technological significance. They have all the corresponding
applications that are expected in the parent ferroelectric and ferromagnetic materials.
What is more, very novel applications are also proposed as a result of the coupling
between ferroelectric and magnetic orderings [13]. First of all, special storage
media can be potentially devised by using multiferroic materials. Multiple state
memory elements allow the data to be stored both in the electric and magnetic
polarizations, whereas novel multistage memory media with high data density
provide a chance to have the data written electrically and read magnetically,
probably solving the inevitable drawbacks of both ferroelectric random access
memory (FeRAM) and ferromagnetic random access memory (FRAM) [14]. Briefly,
the major obstacle to FeRAMs is that the capacitor is required to be discharged for
read and be recharged once more to restore the memory to the initial values before
the total read process finishes. The broad application of FRAMs is hindered by the
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demand for significant currents to generate magnetic fields for data writing, causing
great dissipation effects. Furthermore, the capacity to couple spontaneous electric
polarizations and spontaneous magnetizations offers an additional degree of
freedom in the design of conventional devices, including magnetic field sensors,
electric field controlled ferromagnetic resonance devices, transducers with
magnetically modulated piezoelectricity, and Faraday rotators running in the
microwave range [4]. Since electric polarization can be controlled by an external
magnetic field, a magnetically switchable device in collecting visible and infrared
spectra makes it possible to change the magnitude of the linear birefringence from
the alteration of the polarization caused by magnetic fields. Multiferroic materials
may also function as film wave guides in integrated optics and fiber optical
communications [15].

However, great progress needs to be made to bring

multiferroic material into practical applications before realizing the final objective
that the ferroelectric polarization and magnetization can be mutually and strongly
switched by the strong coupling between them at room temperature.
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1.1.3

The history of multiferroics

Figure 1.5 The annual number of publications that use “magnetoelectric” as a key
word [16]. The inset covers the period from 1960 to 1977.

In order to achieve a comprehensive understanding of the progress in the field of
multiferroics, the history needs to be investigated in detail. Figure 1.5 shows the
annual number of publications using the key word “magnetoelectric”, revealing the
general trend of the developments in the field of multiferroics. Electricity and
magnetism were initially combined into a fundamental physics branch called
electromagnetic theory in the nineteenth century, best-known by virtue of the
Maxwell equations. Nevertheless, electric and magnetic ordering are usually
regarded as two unassociated aspects in the solid phase, as the electric charges of
electrons and ions give rise to the charge effects, while electron spins are the
ultimate factor that determines the macroscopic magnetism [9, 17]. However, there
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is a class of magnetoelectric materials in which the electric polarization can be
induced by an external magnetic field while the magnetization can be switched by
an applied electric field. In particular, the kinds of materials exhibiting the
coexistence of the ferroelectric and magnetic orderings are called multiferroics. The
understanding of multiferroics has been based on investigating magnetoelectric
materials. Dating back to 1894, P. Curie suggested that bodies with asymmetric
molecules are likely to be polarized in a magnetic field and magnetized in an
electric field [18]. The actual first mention of magnetoelectric effect occurs in the
short comment in the textbook Course of Theoretical Physics, written by Landau
and Lifshitz in 1959 [19]: “Let us point out two more phenomena, which, in
principle, could exist. One is piezomagnetism, which consist of linear coupling
between a magnetic field in a solid and a deformation. The other is a linear coupling
between magnetic and electric fields in a media, which would cause, for example, a
magnetization proportional to an electric field. Both these phenomena could exist
for certain classes of magnetocrystalline symmetry. We will not however discuss
these phenomena in more detail because it seems that till present, presumably, they
have not been observed in any substance.”
On the basis of the previous predictions mentioned above, great progresses in
experiments soon occurred. In 1959, Dzyaloshinskii predicted that a linear
magnetoelectric coupling coefficient α possibly occurred in Cr2O3 [20]. α was
experimentally observed to be non-zero below the antiferromagnetic Néel
temperature (307 K) in an unoriented Cr2O3 crystal by Astrov in 1960, confirming
the existence of magnetoelectric materials [21]. One year later, Rado and Folen
reported the anisotropic nature of the magnetoeletric effect in oriented Cr2O3
crystals. After that, a large number of magnetoelectric compounds were discovered
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in a short period.

In 1973, H. Schmidt gave a detailed classification of the

magnetoelectric materials [22].
Moreover, as early as the 1950s, Russian scientists initiated work on exploring
the ferromagnetic ferroelectrics, in which solid solutions of mixed perovskites were
the emphasis of their research. The common method is to substitute magnetic dn
cations for d0 B-site cations in ferroelectric oxides with the perovskite structure [23].
Until 1961, the first synthetic ferromagnetic ferroelectric material, namely the (1x)PbFe0.66W0.33O3-xPbMg0.5W0.5O3 solid solution, was synthesized by Smolensky et
al., in which the ferroelectric properties were ascribed to the Mg2+ and W6+ cations,
and the ferromagnetic ordering is caused by Fe3+ ions with the 3d5 electronic
configuration [24]. Many other such materials were also discovered, including Bsite-ordered Pb2(CoW)O6 that is ferroelectric and ferromagnetic, and ferroelectric
Pb2(FeTa)O6 that shows weak ferromagnetism with antiferromagnetic ordering
below 10 K. Obviously, the disadvantage of this kind of material is having an
extremely low Curie or Néel temperature due to dilution of magnetic ions.
The greatest advancement of study on multiferroics was the prediction of S. A.
Boguslavsky in 1961 concerning the existence of substances simultaneously having
electric and magnetic dipole moments. In 1994, H. Schmidt gave the formal
definition of the term multiferroics [1]. The nickel iodine boracite Ni3B7O13
discovered in 1966 was the first single phase multiferroic compound that exhibits
ferroelectricity and weak ferromagnetism below 61 K [25]. The discovery
stimulated interest in searching for more multiferroic boracite compounds, all of
which have complicated structures with many atoms per formula unit and more than
one formula per unit cell. The large proportion of inter-ionic interactions in boracite
compounds is responsible for the correlation of the basic factors of multiferroicity
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and the coupling between the magnetization, electric polarization, and structural
order parameters. However, nickel iodine boracites have little possibility of being
transformed into applications or being helpful to the further understanding of
multiferroics, but they are precious supports for the concept of multiferroics.
After the initial burst of interest, the study in this field entered a period of
stagnation by the 1970s. The situation can be explained from two aspects, that is,
the scarcity of either synthetic or natural multiferrroic materials, as well as the fact
that no multiferroic material can be used in practical applications. However, the
revival of the study on multiferroic materials was initially encouraged by the
tentative explanation for the reason why there are so few multiferroic materials that
can exhibit the coexistence of magnetism and ferroelectricity [26]. In addition, the
recent boom in multiferroic research was stimulated by two significant experimental
achievements in 2003. First, Wang et al. successfully synthesized an epitaxially
grown BiFeO3 thin film with large ferroelectric polarization [27]. The weak
multiferroic properties observed in the bulk BiFeO3 compound were considerably
strengthened by the means of thin film fabrications. Furthermore, a new class of
multiferroic materials, including TbMnO3 and TbMn2O5, were discovered,
characterized by the novel property that the magnetism does not coexist with
ferroelectricity, but rather gives rise to the ferroelectric ordering [6, 28]. From then
on, more and more systematic studies has been carried out to further understand the
mechanism of the magnetoelectric coupling between ferroelectricity and magnetism,
and to improve the multiferric properties of presently known multiferroic materials.
In addition, advances in thin film growth techniques allowed the accurate
characterization of multiferroic behavior, which demonstrated many fascinating
phenomena and opened the door to the design of practical devices, which will
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prevent a repetition of the downward trend in interest that happened in the 1970s.
The rapid development of multiferroic thin films has been covered in recent reviews
[3, 29].

1.1.4

Unresolved issues

Although a large number of promising applications have been suggested for
multiferroic materials, which are the great driving forces behind the tremendous
interest in this field, several natural disadvantages of multiferroic materials are the
main obstacles to realize any practical applications. These include a scarcity of
single phase multiferroic compounds, weak spontaneous magnetization and electric
polarizations, subtleness of the magnetoelectric coupling, and extremely low
temperature ferroelectric or magnetic transitions. Thus, no real boom in these
materials can exist before the problems are solved from the root. In order to yield
the effective coupling between ferroelectric and magnetic domains that would make
the multiferroics suitable for practical applications, it is necessary for them to
possess favorable properties, including low electric conductivity and large
spontaneous electric and magnetic polarizations, as well as moderate electric and
magnetic transition temperatures. Unfortunately, none of known multiferroic
compounds can meet all the requirements. Beyond doubt, this is because all
permissible structural, physical, and electronic properties are confined by the
coupling between the ferroelectric ordering and the magnetic ordering. Therefore,
the controversy on how these restrictions to the properties of multiferroic materials
are induced is discussed in detail in this section.
So far, around 80 single phase multiferroics have been discovered, of which only
two compounds were known as natural crystals, namely Fe3B7O13Cl and
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Mn3B7O13Cl [30, 31]. The scarcity of multiferroic materials can be explained by
analyzing symmetry, electrical properties, and chemistry. A primary requirement of
ferroelectricity is a structural distortion from the centrosymmetric phase, which lays
the conditions for electric polarization and eliminates the center of symmetry.
Among the total 122 Shubnikov point groups, 31 point groups are responsible for a
spontaneous electric polarization, while 31 point groups allow a spontaneous
magnetic polarization [1]. In all, only 13 point groups occupy the overlap of these
two different kinds of point groups. Thus, the number of possible crystal structures
for multiferroic materials is greatly diminished. However, many candidate materials
that are not ferroelectric and ferromagnetic are discovered to exist in one of the
possible symmetric structures. Hence, symmetry conditions can not be considered
as the major factor behind the rarity of multiferrics. In addition, the lack of
magnetic insulators is presumed oppose the coexistence of magnetic and
ferroelectric ordering. This is because a ferroelectric material must be an insulator
that supports the occurrence of electric polarization, while ferromagnets are usually
metals due to the high density of states at the Fermi level. Nevertheless,
ferrimagnets, weak ferromagnets, and antiferromagnets exist that are almost
insulators, but the materials that can simultaneously exhibit ferroelectric ordering
and one of the three magnetic orderings are also discovered to be quantitatively few.
So the dearth of magnetic insulators is unable to completely explain why there are
so few multiferroics. In conventional ferroelectric perovskite oxides, the
ferroelectricity is ascribed to an off-centering displacement of the B-site cations
with the d0 electronic configuration from the center of the oxygen octahedron. On
the contrary, d electrons are required to generate magnetism in forms such as
ferromagnetism, antiferromagnetism, and ferrimagnetism. Cations with d-orbital
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occupancies have a strong tendency to undergo the Jahn-Teller distortion that can
weaken the off-center displacement. As soon as the d orbital is partially filled, the
off-centering responsible for ferroelectricity is lowered, causing the contradiction
between ferroelectricity and magnetism. Thus, the d-electron occupation on the
transition metal is a critical factor leading to the scarcity of multiferroic materials.
In theory, two methods are suggested to attain the coexistence of spontaneous
ferroelectricity and magnetism, namely, modifying the ferroelectricity and
modifying the magnetism. However, only the first way has been proven effective in
practice. Multiferroic properties are proposed to be optimized by adjusting a siteby-site bias. Perovskites with a general formula ABO3 have been investigated
intensively as an easy route to realize multiferroic properties by employing the long
pair on the A-site cations to generate ferroelectricity and maintaining magnetism by
B-site cations [27].
Furthermore, the simultaneous existence of electric and magnetic domains does
not ensure strong magnetoelectric coupling between them [32, 33]. On the one hand,
not only can a small variation of spontaneous polarization be induced by an external
magnetic field, but also the spontaneous polarization is several orders of magnitude
smaller than in representative ferroelectrics, and vice versa. On the other hand, the
magnetoelectric coupling can only be observed at low temperatures due to the low
Curie or Néel temperature. For instance, BiMnO3 has a ferroelectric transition at
around 800 K and a ferromagnetic transition at about 110 K, below which the
magnetoelectric coupling occurs [34]. BiMnO3 is a unique compound with large
magnetization and larger electric polarization that coexist [35]. The weak
magnetoelectric coupling has been attributed to several primary factors [36, 37]. In
brief, due to the completely different mechanisms of ferroelectricity and magnetism,
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they are generated by two different kinds of ions that do not have strongly mutual
interactions, leading to the weak coupling. The only approach to greatly raise the
magnetoelectric coupling is to take advantage of strong internal electromagnetic
fields that might exist in compounds with a large dielectric coefficient and a large
magnetic permeability. Thus, ferromagnetic ferroelectrics are the most promising
compounds to exhibit giant magnetoelectric effects.

1.2 Multiferroic materials
All known materials which can exhibit multiferroic behaviour are divided into
two categories, namely single phase multiferroic compounds and multiferroic
composites. Single phase multiferroic compounds can possess ferroelectricity and
magnetism in the same phase, but the weak magnetoelectric coupling and small
quantity are two natural restrictions to block progress. Multiferroic composites that
can generate an indirect coupling between the ferroelectric phase and the magnetic
phase through mechanical strain are of great significance to compensate for the
weakness of single phase compounds and to provide opportunities for potential
applications by enhancing the magnetoelectric effects and attaining good room
temperature behaviour through controlling each phase separately.
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1.2.1

Single phase multiferroic compounds

Figure 1.6 The ideal perovskite structure of the ABO3 compounds along the b axis,
with BO6 octahedra occupying the corners of the cubes [38].

According to the general chemical formula and the crystallographic structure,
single phase multiferroics are classified into several classes. Presently, the well
known kinds include perovskites, hexagonal rare earth manganites, REMnO3 (RE =
Ho-Lu, Y, and Sc), boracites, BaMF4 compounds (M = Mg, Mn, Fe, Co, Ni, Zn),
and REMn2O5 compounds (RE = Y, Tb, Dy, and Ho). Notably, as the highlight of
this study, the hexagonal REMnO3 compounds are discussed in a separate section.
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1. Compounds with perovskite structure
Perovskite-type multiferroic compounds are the most promising and the best
studied materials. The earliest mulitiferroic materials synthesized by Russian
physicists were based on perovskite oxides. This kind of compounds has the general
formula of perovksite-type oxide, ABO3, wherein A is the larger cation and B is the
smaller cation. The ideal perovskites crystallize in the cubic structure with space
group Pm3m-Oh, as shown in Figure 1.6 [39]. The B cation located in the center of
the corner sharing BO6 octahedron is coordinated by six oxygen ions, while the A
cation situated in the center of the cube has 12-fold coordination with oxygen ions.
Thus, the macroscopic crystal structure is constructed alternatively by a layer of A
cations and another layer of BO6 polyhedrons. However, the crystal structures of
multiferroic perovkites do not strictly follow the ideal cubic symmetric structure,
but exhibit different distortions in most cases. The known distorted pervoskite
structures include orthorhombic, rhombohedral, tetragonal, monoclinic, and triclinic
symmetry, the latter three of which are seldom investigated due to their rareness
[40]. Although the distorted structures can be stable at room temperature, they
usually convert to the cubic symmetry at high temperature in several stages that
might be identified as different intermediate distorted phases. The crystal structures
of perovkite compounds are most modified by B-site substitution. This type of
substitution has the general formula of A2BB′O6 or AB0.5B′0.5O3, which is a very
important method to yield more multiferroic perovkite compounds. Moreover, these
compounds have the well-known double perovskite structure, where two individual
perovskite lattices with different B-site cations overlap to some extent. If B and B′
cations have great differences in their charge, the oxygen ions move slightly
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towards the more charged cation, despite the octahedral symmetry of B and B′
cations being maintained.

Figure 1.7 Schematic illustration about the crystal structure of the layered perovskittype Bi5Ti3FeO15 compound [41].

Multiferroic compounds with the perovskite structure have their B sites inside
oxygen octahedra, which are partially or fully occupied by magnetic ions. The
former

case

includes

Pb(Fe2/3W1/3)O3,

Pb(Co1/2W1/2)O3,

Pb(Fe1/2Nb1/2)O3,

Pb(M1/2Re1/2)O3 (M = Fe, Mn, Ni, Co), etc. The latter case encompasses compounds
such as BiFeO3, BiMnO3, and RECrO3 (RE = Ho, Er, Yb, Lu, and Y). In addition,
[Bi2O2]2+[Bm-1MmO3m+1]2- (B = Bi3+, M = Fe3+, Ti4+) compounds are another
distinctive series with the layered perovskite-type structure. B is the 12-fold
coordinated Bi3+ cation in the perovskite sublattice, while M is a transition metal
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occupying the octahedral site. The value of m represents the number of perovskite
layers between the [Bi2O2]2+ layers [42]. Bi5Ti3FeO15 is used as an example here.
The four layered perovskite sheets are constructed from 12-fold coordinated Bi3+
ions and MO6 octahedra with Ti4+ and Fe3+ ions disordered at M sites. Figure 1.7
gives a schematic illustration of the crystal structure of the layered perovskite-type
Bi5Ti3FeO15 compound. The magnetism is generated by the exchange interactions
between nearest Fe ions in a single perovskite sublattice with an angle of 180˚.

Figure 1.8 Schematic diagram showing how the ordering of lone pairs (yellow) of
Bi3+ ions (orange balls) in bismuth-based multiferroic compounds gives rise to the
ferroelectric polarization (green arrow) [17].

BiFeO3 and BiMnO3 are two peculiar multiferroic perovskites, as the
ferroelectricity is generated by the 6s lone pair of Bi3+ cations, which is a very
different source from that in typical ferroelectric perovskites. Thus, the two
compounds do not really deviate from the general “exclusion rule” in multiferroic
perovskite compounds. The lone pair electrons could have used sp2 or sp3
hybridized states to form valence bonds with surrounding oxygen atoms, which, in
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fact, do not take part in such chemical bonds in these bismuth-based compounds, as
shown in Figure 1.8 [43]. As a result, lone pairs have the high polarizability
required to greatly enhance the instability towards ferroelectricity. The particular
ordering direction of the lone pairs is the microscopic factor that leads to the
ferroelectricity. BiFeO3 is a unique room temperature multiferroic compound which
has an incommensurate ferroelectric transition at around 1103 K and a
commensurate G-type antiferromagnetic transition at 673 K [44, 45]. Figure 1.9(a)
shows that BiFeO3 has a rhombohedrally distorted perovskite-type structure with
the R3c space group. The structure features two distorted perovkite unit cells
connected along their body diagonal or the pseudocubic [111] direction, around
which the two oxygen octahedra inside unite cells rotate by ± 13.8˚, as shown in
Figure 1.9(b) [44, 46]. Although the polycrystalline sample only exhibits a small
polarization value, a large ferroelectric polarization with a value of 60 μC·cm-2 was
consistently observed in both the single crystal and the thin film, which has played
an important role in reviving the multiferroic field, as seen in Figure 1.9(c) [27, 47,
48]. The ferroelectric polarization that lies along the [111] axis is generated by the
displacement of Bi3+ ions relative to the FeO6 octahedra [44]. The Fe magnetic
moments of BiFeO3 are ordered ferromagnetically within (111) planes and
antiferromagnetically between adjacent (111) planes. In particular, if the magnetic
moments are directed perpendicularly to the [111] direction, this is favourable for
the occurrence of the slightly canted antiferromagnetic arrangement that induces a
weak ferromagnetism of the Dzyaloshinskii-Moriya type [49, 50]. In addition, the
antiferromagnetic ordering is modified by a cycloidal spin structure with a period of
62 nm [51]. The propagation vector q is along the [110] direction and lies in the
plane of spin rotation (1-10), as shown in Figure 1.9(d). The spiral spin structure
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causes the macroscopic magnetic moments to be completely cancelled and prohibits
the linear magnetoelectric effect [52]. However, the linear effect is able to come
back if the spiral is unwound by applying high magnetic fields, by certain types of
chemical doping, or in epitaxial thin films [53, 54, 55].

Figure 1.9 (a) Rhombohedral unit cell with six formulae of the distorted BiFeO3
perovskite structure, seen along the a axis. (b) Schematic graph of two perovskite
cubic unit cells forming the R3c space group by connecting along the [111] axis. (c)
Ferroelectric hysteresis loop of the BiFeO3 thin film measured at a frequency of 15
kHz. The remnant polarization (Pr) is 55 μC·cm-2. (d) The antiferromagnetic
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ordering of BiFeO3 in the form of a cyclodidal spin structure. (a) and (d) are
adapted from [48], while (b) and (c) are respectively from [27, 56].

Figure 1.10 (a) Ferroelectric hysteresis loop of the polycrystalline BiMnO3 sample.
(b) Temperature dependence of magnetization of BiMnO3 at 500 Oe. Inset: the
hysteresis loop at 45 and 75 K [57]. (c) Temperature variation of the dielectric
constant of BiMnO3 at different magnetic fields [44].

BiMnO3 is the only single phase compound possessing a truly biferroic nature,
with a ferromagnetic transition at 105 K and a ferroelectric transition at 750 K [57].
High temperatures and pressures are required to synthesize single phase BiMnO3
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samples, owing to the instability at atmospheric pressure [58]. BiMnO3 is also a
distorted perovskite material that crystallizes in the monoclinic crystal structure
with the C2 space group [59]. According to first principle electronic structure
calculations, the distorted structure can be ascribed to the good polarizability of the
6s lone pairs of Bi3+ ions, which are also responsible for the off-center shifts leading
to ferroelectricity [60]. The ferroelectric transition is accompanied by a
centrosymmetric-to-noncentrosymmetric

structural

transition

[57].

However,

BiMnO3 shows a centrosymmetric lattice at room temperature with the C2/c space
group [61]. The explanation for this is that this compound is locally noncentrosymmetric and globally centrosymmetric [62]. Moreover, Figure 1.10(a)
shows that the ferroelectric polarization is very small in BiMnO3 material. The
ferromagnetic nature of BiMnO3, shown in Figure 1.10(b), is produced by the
orbital ordering of the John-Teller Mn 3+ ions [63]. The anomalies in the dielectric
constant at the ferromagnetic transition temperature indicate the coupling between
the ferromagnetic ordering and the ferroelectric ordering, as seen in Figure 1.10(c).
2. Boracites
Most boracites with a general formula of M3B7O13X (M= Cr, Mn, Fe, Co, Cu,
and Ni, X = Cl, Br, and I) show ferroelectricity and antiferromagnetism in the same
phase, except for a minority with weak ferromagnetism. All the boracites have a
paraelectric cubic phase with the 4 3m space group at high temperatures and
experience a ferroelectric transition to the orthorhombic structure with mm2
symmetry with decreasing temperature [64]. Moreover, m and 3mm symmetry occur
subsequently in several compounds at lower temperatures. It is also noteworthy that
improper ferroelectric transitions are observed in some cases [65]. The magnetic

25

transitions of boracites only take place below 100 K, which is considerably lower
than room temperature [15].
3. BaMF4 compounds (M = Mg, Mn, Fe, Co, Ni, and Zn)
BaMF4 compounds have an orthorhombic structure with 2mm point symmetry at
high temperatures. BaMF4 (M = Ni, Co, Zn and Mg) compounds show spontaneous
ferroelectric polarization along the a axis, while BaFeF4 and BaMnF4 are
pyroelectric rather than ferroelectric. According to the Curie-Weiss fittings, the
ferroelectric transition temperatures are proved to be above the corresponding
melting points [66]. BaMF4 (M = Ni, Co, Fe, and Mn) compounds are
antiferromagnetically ordered below Néel temperatures (TN) between 20 K and 70
K, and also show two-dimensional spin orderings at around 2TN [15]. In particular,
the crystal structures of BaMnF4 and BaCoF4 are constructed from distorted M-F4
octahedra connected by their vertices to form layers separated by paramagnetic Ba2+
ions. The magnetoelectric coupling causes the magnetic moments of the two
antiferromagnetic coupled sublattices to be canted along the a axis, giving rise to a
weak ferromagnetism [7]. In addition, the M-F-M coupling in the layer is almost
zero [67].
4. REMn2O5 compounds (RE = Y, Tb, Dy, and Ho)
Although the RMn2O5 (R = rare earth) compounds were discovered in 1964 [68],
their multiferroic nature was only observed in the REMn2O5 compounds (RE = Y,
Tb, Dy, and Ho) recently [28]. REMn2O5 compounds are regarded as the ‘cycloidal
multiferroic’ family, which is distinct from other common compounds. Three
typical properties of the family provide evidence in favour of the classification.
Firstly, the electric polarization is independent from an external magnetic field [69].
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Second, the magnetic ferroelectric phase is commensurate. In addition, the magnetic
moments in the ab plane are nearly collinear in the ferroelectric phase.

Figure 1.11 The crystal structure of REMn2O5 (RE = Y, Tb, Dy, and Ho) (a) along
the c axis [70]; (b) along the a axis [69].

The REMn2O5 compounds possess an orthorhombic structure with the Pbam
space group [71]. The Mn3+ and Mn4+ ions are situated in different symmetric sites.
Specifically, the Mn4+ ions are each surrounded by six oxygen atoms in the form of
an octahedron, while the five-fold coordinated Mn3+ ions are located at the base
centre of square pyramids, as shown in Figure 1.11. Mn4+O6 octahedrons form a
linear chain along the c axis through sharing their edges. The nearest neighbouring
two Mn4+O6 chains are connected through the base or the apex of Mn3+O5 square
pyramids that are paired through coupling the their bases in the ab plane. In one unit
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cell, Mn4+ ions are distributed in the two planes of z = 0.25 and z = 0.75, whereas
Mn3+ ions are located at z = 0.5 between the two of layers of Mn4+ ions. Moreover,
R3+ ions constitute another layer in the z = 0 plane. In the REMn2O5 compounds, the
ferroelectric

transition

temperature

(T1)

is

around

25-39

K,

and

the

antiferromagnetic transition temperature (TN) is between 39 K and 45 K [72].
Another ferroelectric transition occurs at T2 (< T1) with decreasing temperature,
which is evidenced by the anomaly of dielectric constant and magnetization.

1.2.2

Multiferroic composites

Multiferroic composites are materials which can exhibit a large magnetoelectric
effect due to the cross interaction via stress mediation between a magnetostrictive
phase and a piezoelectric phase. The concept was first proposed by Suchtelen in
1972 [73]. Once an external magnetic field is applied to these compounds, the shape
of the magnetic phase is modified through the magnetostrictive effect, and then the
strain can lead to the variations of electric polarizations through the piezoelectric
effect. Conversely, an applied electric field can also switch the magnetization of the
magnetostrictive phase. However, the magnetoelectric effect in multiferroic
composites is extrinsic, as the magnetoelectric effect is not possessed by either
individual phase rather than the combination of the magnetostrictive effect and the
piezoelectric effect. Thus, the magnetoelectric effect in multiferroic composites is
known as a product tensor property [73, 74].
Soon after the concept of a product tenser property was proposed, the BaTiO3CoFe2O4 ceramic was synthesized as the first multiferroic composite in 1974 by
unidirectional solidification of eutectic compositions in the quinary Fe-Co-Ti-Ba-O
system [75]. The compound has a large magnetoelectric voltage coefficient of
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∂E/∂H = 0.13 V/cm·Oe, which is several orders of magnitude larger than that in a
single phase multiferroic compound. The drawback of the complicated
unidirectional solidification is the requirement of critical controls over composition
and processing. Unfortunately, multiferroic composites failed to attract enough
interest before stepping into a lag period of nearly 20 years. Subsequently, the
successful fabrication of particulate ceramic composites of ferrites and BaTiO3 or
Pb(ZrTi)O3 offered an easier and less costly way to combine phases with widely
different crystal structures. Although there has been no great progress promoted by
these compounds due to relatively low magnetoelectric effects, they have stimulated
considerable theoretical work on multiferroic composites [76-78]. The real
landmark was represented by synthesizing the giant magnetostrictive rare-earth-iron
alloy Tb1-xDyxFe2 (Terfenol-D) in 2001 [79]. Since then, three-phase composites, as
well as nanostructured composite thin films of magnetic and ferroelectric oxides
have been developed besides the search for more Terfenol-D based composite
ceramics, further enriching the potential applications of multiferroic composites
[80, 81].
Generally, two primary merits can be suggested for multiferroic composites in
comparison with single phase multiferroic compounds. Firstly, mulitiferroic
composites have a magnetoelectric coupling several orders of magnitude larger than
that in a single phase compound. Moreover, the multiferroic properties of
composites can be designed by choosing suitable constituent phases as
circumstances demand.
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1.3 RMnO3 compounds (R = rare earth)
The rare earth manganites RMnO3 were discovered in the 1950s. Two different
crystal structures are found in rare earth manganites according to the ionic radius of
R3+ ions. The compounds with large radius ions (RE = La-Dy) have the
orthorhombically distorted perovskite structure with the centrosymmetric Pnma
space group, while the remaining compounds with small radius ions (RE = Ho-Lu,
Y, and Sc) crystallize in the hexagonal structure with the non-centrosymmetric
P63cm space group. The magnetic ordering of Mn3+ ions occurs in both phases, due
to superexchange interaction between the Mn3+ ions via oxygen ions [82]. However,
ferroelectricity can not be observed in orthorhombic RMnO3 (R = La-Eu)
manganites [83], and even RMnO3 (R = Gd, Tb, and Dy) compounds only show
very weak ferroelectricity with a small remnant polarization of less than 0.2 μC/
cm2 [6, 84]. By contrast, the hexagonal RMnO3 compounds show a strong
ferroelectric ordering with saturated polarization larger than 5.6 μC/cm2 [32, 85, 86].
Thus, the hexagonal rare earth manganites are classified as an interesting family
with multiferroic properties, which is also the driving force for them to be the focus
of this study. Before any detailed introduction of the hexagonal compounds, the
properties of the orthorhombic manganites are described as a comparision.
The orthorhombic REMnO3 perovskite compounds have been intensively
investigated as the parent materials of the mixed-valence manganites R1−xAxMnO3
(R = rare earth, A = divalent alkaline-earth ion) that show colossal
magnetoresistance (CMR) effect [87-89]. All orthorhombic manganites exhibit a
distorted GdFeO3-type perovskite structure as a result of the Jahn-Teller effect of
Mn3+ ions [90,91]. The Jahn-Teller distortion excludes the two-fold degeneracy of
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eg orbitals of Mn3+ ions with the T2g3eg1 electron configuration, which not only
causes three different Mn-O bond lengths, but also stabilizes the staggered ordering
of the d3x2−r2 and d3y2−r2 orbitals in the ab plane [92]. This orbital ordering pattern
that repeats along the c axis is responsible for the occurrence of A-type
antiferromagnetism below the Néel temperature, with ferromagnetic superexchange
interactions in the ab plane and antiferromagnetic coupling between planes. The
weak ferromagnetism is a typical characteristic of A-type antiferromagnetic phases,
owing to the Dzialoshinski-Moriya interaction that causes spins to be slightly
canted from the strictly antiparallel antiferromagnetic ordering [93]. Nevertheless,
the A-type antiferromagnetic ordering becomes frustrated with alternation of the
ionic radius of the R3+ ions. As the R3+ ions become smaller, the rotation of the
MnO6 octahedron is enhanced due to the decrease in the Mn-O-Mn bond angle, and
moreover, the nearest (J1) and next nearest (J2) Mn3+ magnetic interactions are also
modified. The Néel temperature continuously decreases from 150 K for La to 40 K
for Eu, due to greatly reduced J2 relative to J1 [94]. Furthermore, the A-type
antiferromagnetic ordering is transformed to the E-type magnetic structure for Ho
with a commensurate antiferromagnetic ordering [95]. The compounds with
moderate-sized R3+ ions (R = Gd, Tb, and Dy) form an incommensurate cycloidal
magnetic structure owing to the unstable status of commensurate antiferromagnetic
ordering in these regions [9]. The RMnO3 (R = Gd, Tb, and Dy) compounds have
antiferromagnetic transition temperatures around 40 K and even lower ferroelectric
transition temperatures [84]. Due to the nature of the small ferroelectric
polariaztions, only weak magnetoelectric effects can be expected in these three
compounds. Hole-doping is necessary for the orthorhombic RMnO3 compounds to
exhibit colossal magnetoresistence, which is characterized by a dramatic
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enhancement of the electrical conductivity σ near the ferromagnetic ordering of Mn
ions [87]. The hole-doping causes the increasing transformation of Mn3+ ions to
Mn4+ ions to maintain the charge equilibrium. Thus, the superexchange interaction
of Mn3+-O2--Mn3+ is weakened, whereas the double exchange of Mn3+-O2--Mn4+,
which generates ferromagnetism is enhanced, leading to a sharp increase in the
electrical conductivity. The substitution of A2+ ions for 30% of R3+ ions has been
proven to provide the most suitable conditions to show the strongest colossal
magnetoresistance effect and the highest ferromagnetic transition temperature [96].

1.3.1

Hexagonal RMnO3

The hexagonal RMnO3 manganites (R = Ho-Lu, Y, and Sc) were first discovered
by Bertaut [97, 98]. This class of multiferroic materials have high temperature
ferroelectric transitions (TE) between 570 K and 990 K [99, 100], low temperature
antiferromagnetic transitions (TN) between 70 K and 130 K [101], and another
magnetic transition at round 5 K due to the R3+ ordering [102]. The strong coupling
between the antiferromagnetic ordering and the ferroelectric ordering allows the
ferroelectric polarization to be switched by an applied magnetic field or the
magnetization to be switched by an applied electric field. Thus, the hexagonal rare
earth manganites are promising materials expected to be valuable for practical
applications. In addition, this class of compounds is a perfect family to investigate
two-dimensional magnetic ordering, as they have a triangular magnetic structure
with an easy plane anisotropy in the ab plane.
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1.3.1.1 Crystal structures and ferroelectric properties
Phase transitions of the hexagonal RMnO3 magnanites from the centrosymmetric
paraelectric state to the non-centrosymmetric ferroelectric state are accomplished
through three separate stages in sequence, namely a high temperature paraelectric
phase with symmetry p63/mmc, an intermediate paraelectric phase with symmetry
P63/mcm, and a room temperature ferroelectric phase with symmetry P63cm. For
example, YMnO3 has a ferroelectric transition at 930 K accompanied by a structural
transition from the P63cm (Z = 6) phase to the intermediate non-polar p63/mcm (Z =
6) phase [103], and undergoes another transition at 1270 K from P63/mcm to
p63/mmc (Z = 2) [104].

Figure 1.12 (a) the crystal structure of the hexagonal RMnO3 compounds along the
ab plane. Blue circles are rare earth atoms. Red polyhedra are the MnO5 trigonal
bipyramids. (b) Schematic illustration of the structure along the c axis. The upper
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and lower layers of MnO5 polyhedra are represented in green and red color,
respectively, which are separated by the blue layer of rare earth ions [105].

In the room temperature p63cm phase of the hexagonal RMnO3 manganites,
there are six formulae in one unit cell. The R3+ ions are located in either 2a
positions with the symmetry 3m or 4b positions with symmetry 3. Each Mn3+ ion,
encompassed by five oxygens in MnO5 trigonal bipyramids, is situated at the 6c
position with the symmetry m in the Z = 0 and Z = ½ planes. The MnO5 trigonal
bipyramids, which are corner-connected by nonequivalent O(3) and O(4) atoms in
the ab plane and have O(1) and O(2) oxygen atoms at the vertices, form closepacked planes separated by the layer of R3+ ions, as shown in Figure 1.12 [4]. Mn3+
ions as well as in-plane oxygen atoms shared by three MnO5 polyhedra constitute
corresponding triangular lattices. In addition, out-of-plane Mn-O bond lengths are
shorter than in-plane bond lengths, which can be attributed to the particular crystal
field level scheme of Mn3+ (3d4) ions in the hexagonal RMnO3 compounds [106].
As the Mn3+ ions of these compounds located in the trigonal bipyramidal crystal
field are in the high spin state, the 3d states splits into two doublets and the z2
singlet with the highest energy. Four 3d electrons occupy two low doublets with the
empty z2 orbital, which is responsible for the short Mn-O distance along the c axis.
Several typical distortions of the crystal structure exist in the hexagonal RMnO3
compounds due to the triangular lattice. Firstly, three Mn3+ ions enclose an oxygen
atom in the way of moving from the centers of corresponding oxygen trimers
towards the surrounded oxygen [107]. Second, the MnO5 polyhedron tilts from the c
axis through the canting of Mn-O(1) and Mn-O(2) bonds, in order to realize close
packing of the layers of apical oxygen atoms. Moreover, the two different
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symmetric sites of rare earth atoms are displaced relative to the eight oxygen atoms
in a bicapped trigonal antiprism. Thus, the tiltings of MnO5 polyhedra as well as the
buckling of Er-O8 polyhedra lead to the occurrence of ferroelectricity [108]. Taking
ErMnO3 as an example, two kinds of ErO8 polyhedra at different symmetric sites
are rotated at 180°to each other, producing a ferroelectric arrangement along the c
axis with four Er(2) dipoles antiparallel to two Er(1) dipoles. Even though the
displacements of rare earth ions in hexagonal RMnO3 are large compared with
conventional ferroelectrics such as BaTiO3 and PbTiO3, their ferroelectric
polarizations are very small. The ferroelectric polarization is 5 μC·cm2 in YMnO3,
which is much smaller than the 25 μC·cm2 for BaTiO3 and the 75 μC·cm2 for
PbTiO3 [109].
As for the P63/mmc phase, there are only two formulae per unit cells. Three inplane oxygen atoms are equivalent and are non-equivalent to another two apical
oxygen atoms. Y3+ and Mn3+ ions each have one position [110]. The relationship
between corresponding oxygen atoms in the ferroelectric p63cm phase and the
paraelectric p63/mmc phase is shown in Figure 1.13 with YMnO3 as an example.
Remarkably, the P63/mmc structure can completely overlap the P63cm structure by
slightly rotating MnO5 polyhedra around an in-plane axis, which is parallel to a side
of triangular bases and passes through the corresponding Mn atom.
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Figure 1.13 Schematic plots of the relationship between the corresponding oxygen
atoms of YMnO3 in the ferroelectric p63cm phase (left) and the paraelectric
p63/mmc phase (right) [103].

1.3.1.2 Magnetic properties
As the Y3+, Sc3+, and Lu3+ ions have no localized moments, the only origin of
magnetism in their manganites is from Mn3+ ions. In comparison, the contributions
from both Mn3+ ions and magnetic rare earth ions generate complex magnetic
properties of the remaining hexagonal manganites with the rare earth ions of Ho3+
(4f

10

), Er3+ (4f

11

), Tm3+ (4f

12

), and Yb3+ (4f

13

). Moreover, strong geometrical

frustration of antiferromagnetically coupled Mn spins is expected in these
compounds due to the Mn triangular lattice, which can be defined if the frustration
factor f = |θ|/TN, reflecting the extent of spin frustration, is larger than 10 [111]. As
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shown in Table 1.1, YMnO3, ScMnO3, and LuMnO3 are regarded as geometrically
frustrated systems with respectively large |θ|/TN values of 10.1, 7.8, and 7.8,
whereas the geometric frustration is nearly absent in the other RMnO3 (R = Ho, Er,
Tm, and Yb) compounds with small |θ|/TN values.

Table 1.1 Néel temperature (TN), Curie-Weiss temperature (θ), and frustration
factor (|θ|/TN) for all hexagonal RMnO3 (R = rare earth) [32, 112].

R

TN (K)

θ (K)

|θ|/TN

Ho

72

-25

0.3

Er

80

-30

0.4

Tm

86

-60

0.8

Yb

88

-200

2.3

Lu

90

-700

7.8

Y

70

-705

10.1

Sc

125

-975

7.8

All the hexagonal RMnO3 compounds show antiferromagnetism below the Néel
temperature between 70 and 130 K, except ScMnO3, which exhibits weak
ferromagnetic behaviour below TN = 125 K, as shown in Figure 1.15. The weak
ferromagnetism of ScMnO3 is governed by the Dzialonshinskii-Moriya interaction,
which is caused by the antisymmetric part of the anisotropic superexchange
interaction [113]. The extremely low Néel temperatures are consequences of the
strongly frustrated triangular lattice of the Mn3+ ions [32]. No magnetic transitions
can be observed in the temperature dependent magnetic susceptibility of the
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hexagonal RMnO3, except in the case of LuMnO3 and ScMnO3. The possible
explanation is that the antiferromagnetic transitions are masked by the
paramagnetism from R3+ ions [112]. The magnetic ordering of Mn3+ moments in the
hexagonal RMnO3 is primarily provided by the antiferromagnetic in-plane Mn-OMn superexchange and supplemented by a two orders of magnitude weaker
interplane Mn-O-O-Mn exchange in the stacked triangular lattice [101]. On the
basis of several studies on the magnetic ordering of the hexagonal RMnO3, these
compounds are proven to have a triangular antiferromagnetic configuration of the
in-plane Mn3+ ions, with the 120° structure existing below TN [32, 114]. The Mn3+
moments form different layers in the ab plane with neighbouring Mn moments in a
layer aligned by 120 ° different directions. The 120 ° structure breaks the
triangular frustration, making a concession to anistropic superexchange between the
3d and 4f ions. Although there is no doubt about the triangular ordering of Mn3+
magnetic moments, it is still controversial whether the coupling between the z = 0
and z = 1/2 layers is antiferromagnetic or ferromagnetic. Two degrees of freedom
are available, that is the spin angle φspin (0°or 90°) between the Mn3+ magnetic
moment and the local x axis, as well as the coupling style (ferro- or
antiferromagnetic) of two adjacent layers [115]. Thus, four principal magnetic
structures denoted by A1, A2, B1, and B2 are obtained [101]. The principal structures
can switch to one another through in-phase or antiphase rotation of the Mn3+ spins,
corresponding to which the extent of rotation is equal or opposite in adjacent planes,
as shown in Figure 1.14. The rotation causes the intermediate magnetic structures
denoted by A, B, A1′, and A2′. The in-plane rotation (+ sign) changes the in-plane
anisotropy while the inter-plane coupling remains stable. Contrarily, the antiphase
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rotation (- sign) influences both. Inter-plane antiferromagnetic coupling is reported
in YMnO3, ScMnO3, and ErMnO3 [32, 115]. However, LuMnO3 features
ferromagnetic interplane ferromagnetic coupling [116].

Figure 1.14 The magnetic ordering of Mn3+ moments in hexagonal RMnO3. A, A1,
A2, and A1′ represent antiferromagnetic coupling between adjacent planes while B,
B1, B2, and A2′ represent interplane ferromagnetic coupling [117].
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Figure 1.15 Field-cooled (FC) temperature dependence of the magnetization of
LuMnO3 (a), HoMnO3 and ErMnO3 (b), TmMnO3 (d), and YbMnO3 (d) at 1000 Oe.
Zero-field-cooled (ZFC) M-T curves of LuMnO3 (a) and HoMnO3 (b) at 1000 Oe,
as well as of HoMnO3 (c) at 20 Oe. (e) FC temperature dependence of susceptibility
of YMnO3 at 5000 Oe. Inset: the inverse susceptibility plot. (f) FC and ZFC
temperature dependence of susceptibility of ScMnO3 at 5000 Oe. Inset: the inverse
susceptibility plot. (g) M-H curves of ScMnO3 at different temperatures. Inset:
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temperature dependence of spontaneous magnetization. (a), (b), (c), and (d) are
adapted from [112], while (e), (f), and (g) are adapted from [32].

The Mn3+ moments in hexagonal RMnO3 (R = Ho and Sc) may experience at
least one spin reorientation within the basal plane at lower temperatures below TN.
ScMnO3 shows a magnetic transition at 58 K due to the spin reorientation of Mn3+
moments in the ab plane [114]. The spin reorientation starts at 50 K and complete
till 70 K with a tilt of 80°from the a axis. Another transition at 10 K is caused by
the magnetic ordering of Mn3+ ions nearly along the a axis. In HoMnO3, the Mnspin-reorientation transition from P63cm to p63cm phase occurs at around 33 K,
followed by another Mn spin reorientation near 4 K [118]. One third of Mn
moments are parallel to the a axis in the p63cm phase, while these Mn spins are
rotated in-plane by 90°in the P63cm phase.
Additionally, the ordering of the two rare earth lattices of hexagonal RMnO3
gives rise to another magnetic transition at around 5 K [119]. As for ErMnO3, the
magnetic transition below 6 K is generated by the ferrimagnetic ordering of Er3+
ions caused by the antiparallel arrangements of the Er(4b) and Er(2a) moments
along the c axis [115]. Regarding HoMnO3, the Ho(2) atoms at 4b sites have an
antiferromagnetic ordering along the c axis below 25.4 K [120].
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Chapter 2: Enhanced magnetic moment in ErMnO3
by copper doping and the observation of a negative
magnetocapacitance effect

2.1 Introduction
Multiferroic

materials

simultaneously

show

spontaneous

ferroelectric

polarization and magnetization, as well as a coupling between them. Owing to the
coupling, the spontaneous electric polarization can be switched by an applied
magnetic field, and vice versa, magnetization can be switched by an electric field.
These exotic properties endow multiferroic materials with the potential for
promising applications such as memory devices, transducers, and magnetoelectric
sensors [1-3]. Some multiferroic compounds have attracted tremendous research
interest. These include LaCrO3 (Néel temperature, TN = 290 K) and BiFeO3 (Curie
temperature, TC = 1103 K, TN = 643 K) with antiferromagnetic ordering and weak
ferromagnetism from the canted spin arrangement [4, 5]. Another class of
multiferroic materials, the hexagonal rare earth manganites RMnO3 (R = Ho, Er,
Tm, Yb, Lu, Y, and Sc) also show strong couplings between magnetic and
ferroelectric domains with a frustrated triangular magnetic structure. These
compounds exhibit ferroelectric transitions at high temperature (550 K−1000 K)
and antiferromagnetic transitions at low temperature (below 100 K) [6]. Recently,
great attention has been paid to studying the mechanism of the coupling in
hexagonal manganites [7].
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Among the hexagonal rare earth manganites, erbium manganite has a
ferroelectric transition at 588 K and an antiferromagnetic transition at 77 K [8]. The
crystal structure consists of two alternating layers along c axis. One layer is
constructed from corner-sharing Mn-O5 trigonal bipyramids having two apical and
three in-plane oxygen atoms. The other layer consists of erbium atoms at two
different symmetry sites, which are surrounded by eight O atoms in the form of a
bicapped trigonal antiprism. The ferroelectric property originates from two
antiparallel electric dipoles that are produced by the displacement of Er3+ ions
relative to the eight O atoms along the c axis [9]. The antiferromagnetic ordering is
ascribed to the triangular structure of the magnetic moments of Mn atoms at z = 0
and z = 1/2 in the ab plane [10]. The large magnetoelectric coupling in ErMnO3 has
been reported previously [11, 12]. However, this compound only exhibits very weak
magnetization, due to its spin frustrated antiferromagnetic nature, which has a weak
response to external magnetic fields. In addition, its magnetic transition temperature
is far below room temperature. Therefore, high magnetic field and low temperature
are required for effective magnetoelectric coupling, hindering any practical
applications. Modifying both its magnetic and its electric properties through doping
should be of great interest. However, only a few reports about doping effects on
ErMnO3 have appeared. Antunes et al., studying the effects of Co doping at
manganese sites in ErMnO3, found that a spin reversal phenomenon occurred when
the erbium moments were reoriented, due to the negative exchange interaction
between the ferromagnetic cobalt sublattice and the paramagnetic erbium sublattice
[13]. Moreover, Sekhar et al. also reported that yttrium doping at the Er site of
ErMnO3 notably modified the frustrated triangular magnetic structure [14]. Both Er
site and Mn site doping evidently modify the magnetic properties of ErMnO3,
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indicating a strong correlation between the magnetic ordering and the crystal
structure in such a spin frustrated system.
This work has the aim of systematically studying the Cu doping effect on the
crystal structure, magnetic properties, and dielectric properties of ErMnO3
compound. Copper was selected since Cu2+ ions have a different electron
configuration (3d9) from Mn3+ ions (3d4). It was expected that the magnetic
moments of ErMnO3 would be enhanced due to the formation of a localized
ferromagnetic ordering, while keeping the frustrated triangular magnetic structure.

2. 2 Experimental
Polycrystalline samples of ErCuxMn1-xO3 (0 ≤ x ≤ 0.2) were synthesized by the
conventional solid-state reaction method, using Er2O3, CuO, and MnCO3 with
purity of 99.9% as starting materials. Stoichiometric mixtures of these compounds
were ground thoroughly, hydrostatically pressed into a pellet, and annealed in air at
1000 ℃ for 16 h. After a second grinding, the resulting powder was compressed
into a pellet again. The final sintering was carried out in air at a temperature of 1300
℃ for 24 h. All the samples were heated at a rate of 5 ℃/min and cooled down
naturally to room temperature. X-ray diffraction (XRD) patterns of all samples over
the 2θ range from 15° to 75° were obtained at a scanning rate of 1°/min and with a
step size of 0.02° by a GBC-MMA diffractometer using Cu Kα radiation (λ =
1.54059 Å). Rietveld refinement of the XRD data was carried out by employing the
Rietica program. The dielectric properties of the pellets, which were coated with
silver paste as electrodes, were measured by utilizing an HP 4194A Impedance
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Analyzer in the frequency range from 100 Hz to 4 MHz. The magnetic properties
were examined on a physical properties measurement system (PPMS, Quantum
Design), using a vibrating sample magnetometer (VSM). Magnetic susceptibility
data were collected between 5 K and 300 K at a magnetic field of 1000 Oe under
both zero-field-cooled (ZFC) and field-cooled (FC) conditions. Magnetic hysteresis
loops were collected at 10 K with applied magnetic fields up to 13 T. The heat
capacity was also obtained with the heat capacity option of the PPMS. No magnetic
field was applied for heat capacity measurements.

2.3 Results and discussion
2.3.1

Crystal structures

Figure 2.1 shows that the ErCuxMn1-xO3 compounds with x ≤ 0.1 are in single
phase without any traces of impurities. All XRD patterns can be indexed according
to the hexagonal structure with P63cm space group, which is in agreement with
previous reports [14]. For x > 0.1, impurities such as Mn2O3·CuO and
Cu0.139Mn0.861O2 begin to emerge. The crystal structures of ErCuxMn1-xO3
compounds for x ≤ 0.1 were refined based on the experimental XRD data by the
Rietveld method. So as to determine the quality of the final refinement, reliability
factors are defined to compare the difference between the observed pattern and the
calculated pattern, including the weighted profile reliability factor (Rwp), the profile
reliability factor (Rp), and so on [15]. The calculated curves are strongly consistent
with the experimental data for all the samples, with reliability factors smaller than
Rp= 9.55% and Rwp= 12.49%. The refinement results on ErCu0.1Mn0.9O3 compound
are shown as a typical example in Figure 2.2. The corresponding values of Rp and
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Rwp are 8.77% and 11.84%, respectively. The lattice parameters and atom positions
of ErCu0.1Mn0.9O3 compound from the refinement are listed in Table 2.1.

Figure 2.1 Room temperature XRD patterns of ErCuxMn1-xO3 samples (0 ≤ x ≤
0.125) sintered at 1150 ℃.
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Figure 2.2 Rietveld refinement of the XRD pattern of ErCu0.1Mn0.9O3 at room
temperature. The cross marks and the red solid line represent the observed intensity
and calculated intensity, respectively. The vertical marks show the positions of
Bragg diffraction. The green bottom line describes the difference between the
observed and calculated diffraction intensity.
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Table 2.1 Rietveld refinement data for ErCu0.1Mn0.9O3 at room temperature.

Atoms

Site

x

y

z

Er(1)

2a

0

0

-0.2551(9)

Er(2)

4b

0.3333(3)

0.6666(7)

0.2295(1)

Mn

6c

0

0.3350(7)

0.0359(5)

Cu

6c

0

0.3350(7)

0.0359(5)

O(1)

6c

0

0.3079(4)

-0.1941(1)

O(2)

6c

0

-0.0049(5)

0.1806(2)

O(3)

2a

0

0

-0.0250

O(4)

4b

0.3333(3)

0.6666(7)

0.0619(8)

Unit cell

a = b= 6.1231 Å

c = 11.3923 Å

RP = 8.775

RWP = 11.845

χ2 = 4.915

The variation of lattice parameters a and c with copper content is presented in
Figure 2.3. It shows that 5% Cu doping has no obvious effect on the lattice of
ErMnO3. With further doping, lattice parameter a starts to increase, while lattice
parameter c decreases. The unit cell volume slightly increases from 1108.34 Å3 to
1109.67 Å3. The increase in the unit cell volume is a result of the doping with Cu2+
ions, which have a larger ionic radius (87 pm) than that of Mn3+ ions (75.3 pm).
Changes of the a and c lattice parameters are also accompanied by the distortion of
the Mn-O5 polyhedra, related to the Jahn-Teller distortion. In pure ErMnO3, the dz2
orbital of Mn3+ ions having the 3d4 electron configuration is unoccupied in
comparison with the dx2-y2 orbital, which is occupied by one electron. This causes
strong Jahn-Teller distortion, resulting in short Mn-O bond lengths along the c
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direction and long Mn-O bond lengths in the ab plane. Furthermore, Cu2+ ions,
having a 3d9 electron configuration with a dz2 orbital occupied by one electron and
other orbitals fully occupied, are Jahn-Teller ions like Mn3+ ions. In this case, JahnTeller distortion becomes stronger, leading to further shrinkage of the Cu(Mn)-O
bond length along the c direction and extension in the ab plane.

Figure 2.3 Variation of lattice parameters a and c with copper doping level in
ErMn1-xCuxO3 compound (x ≤ 0.1). Inset: variation of unit cell volume with copper
concentration.

2.3.2

Magnetic properties

Figure 2.4 and 2.5 respectively presents the temperature variation of the
magnetic susceptibility (χ-T curve) and the inverse susceptibility, which were
measured in a magnetic field of 1000 Oe, using a field-cooled (FC) process. The χ-

57

T curves for all the samples show paramagnetism-type magnetization behaviour,
and the susceptibility increases monotonically with cooling. No obvious magnetic
transition was observed over the measured temperature range from 5 K to 300 K [7,
16]. The explanation is that the magnetic moments of Mn3+ ions are much smaller
than the magnetic moments of Er3+ ions, causing the paramagnetism of the Er3+ ions
to dominate the χ-T curve [11]. For ErMnO3, the effective moment of Er3+ is 9.6 μB,
while the overall effective moment is 10.7 μB, where μB is the Bohr magneton.
Although no magnetic transition is observed in the magnetic susceptibility data, a
clear peak that is indicative of the onset of a magnetic transition can be seen in the
specific heat capacity measurement from 2 K to 140 K, as shown in Figure 2.6. This
figure also shows that the antiferromagnetic transition temperature decreases from
77 K for ErMnO3 to 61 K for ErCu0.1Mn0.9O3. Figure 2.7 demonstrates that the peak
is more obvious in the Cp/T plot. In addition, a dramatic rise observed below 10 K is
associated with the arrangement of erbium magnetic moments [14]. The
temperature dependence of the inverse magnetic susceptibility shows linear
behaviour above 100 K. The Curie-Weiss temperature (θCW) and effective moment
were calculated based on the linear part above TN. The Curie-Weiss temperatures
are -31, -31, -33, and -35 K for the samples with doping levels of 0, 0.05, 0.75, and
0.1, respectively. All the values are negative, revealing antiferromagnetic ordering
of the transition metals. Moreover, the absolute value of θCW increases a little with
increasing doping level, indicative of an enhanced exchange interaction among the
transition metal ions.
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Figure 2.4 FC (field-cooled) measurement of DC magnetic susceptibility of
ErCuxMn1-xO3 (x = 0, 0.05, 0.075, 0.1) in a magnetic field of H = 1000 Oe over a
temperature range from 5 K to 300 K.
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Figure 2.5 Inverse magnetic susceptibility of ErCuxMn1-xO3 (x = 0, 0.05, 0.075, 0.1)
in a magnetic field of H = 1000 Oe over a temperature range from 5 K to 300 K.
The solid line is the Curie-Weiss fitting.
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Figure 2.6 Temperature dependence of the specific heat of ErCuxMn1-xO3 (x = 0,
0.1) from 2 K to 140 K under no magnetic field.

Figure 2.7 Temperature dependence of the Cp/T of ErCuxMn1-xO3 (x = 0, 0.1).
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The theoretical effective moments (μthe) are obtained as 10.76, 10.71, 10.69, and
10.66 μB respectively for doping levels of 0, 0.05, 0.75, and 0.1 with Mn3+ (4.9 μB,
S = 2), Cu2+ (1.7 μB, S = 1/2), and Er3+ (9.6 μB). The experimental effective
moments (μexp) are well consistent with the corresponding theoretical values. For
example, μexp of the ErCu0.1Mn0.9O3 sample is 11.14 μB, in comparison with the μthe
of 10.66 μB. The difference between the experimental effective moment and the
theoretical effective moment is less than 0.5 μB for all samples. Considering that
Mn3+ ions and Cu2+ ions are situated in the Mn-O5 trigonal bipyramidal crystal
field, their electron configurations are both in the high spin state, as shown in Figure
2.8. The electron configurations are consistent with the analysis of the structural
modification caused by Jahn-Teller distortion.

Figure 2.8 The electron configuration of Mn3+ and Cu2+ ions in the trigonal
bipyramidal crystal field of ErCuxMn1-xO3 (0 ≤ x ≤ 0.1) compounds.
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The M-H curve at 10 K is shown in Figure 2.9. In low magnetic fields, less than
4 T, the samples show almost linear magnetization behaviour, which indicates that
the samples are in a paramagnetic or antiferromagnetic arrangement. However, the
sample can not still reach saturation at the high magnetic field of 13 T, which
confirms the existence of antiferromagnetic ordering, as can been seen in Figure
2.10. In ErMnO3, the paramagnetic contribution in low magnetic field is from Er3+
ions, which dominates the low-field magnetic moments. The antiferromagnetic
ordering is from the transition metal, which has a primary influence on the magnetic
moment in high magnetic fields. Therefore, magnetization in the low field range is
from the contributions of both paramagnetic Er and the antiferromagnetic transition
metal. In contrast, at high magnetic fields, the trend of the M-H curve is mainly
dominated by the antiferromagnetically ordered transition metal. The most
important thing is that the magnetic moment increases with increasing doping level
under magnetic fields. The antiferromagnetism of ErMnO3 originates from the
triangular long-range arrangement of the spins of Mn3+ ions in the ab plane, wherein
neighbouring Mn moments are aligned at a 120° angle [10, 13]. Although Cu2+ ions
in ErCuxMn1-xO3 (0 ≤ x ≤ 0.1) compounds have an effective moment of 1.73 μB
with S = 1/2, which is much less than that (4.89 μB) of Mn3+ ions with S = 2, the
partial substitution of Mn-Cu ordering for Mn-Mn ordering introduces a new kind
of localized spin arrangement. The superexchange interaction between Cu2+ and
Mn3+, mediated by oxygen, gives rise to localized ferromagnetic orderings.
Therefore, the frustrated spin arrangement is modified at Cu sites on the local scale,
and net magnetic moments are produced. Because the doping level is relatively low,
it is proposed that the overwhelming majority of the frustrated triangular magnetic
structure of ErMnO3 is still maintained in all doped samples.
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Figure 2.9 Magnetization curves (M-H) of ErCuxMn1-xO3 (x = 0, 0.05, 0.075, and
0.1) measured at 10 K in magnetic fields up to 5 T.

Figure 2.10 Magnetization curves (M-H) of ErCuxMn1-xO3 (x = 0 and 0.1) measured
at 10 K in magnetic fields up to 13 T.
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2.3.3

Dielectric properties

Figure 2.11(a) shows the frequency dependence of the real part of the relative
dielectric constant, ε', and the dielectric loss, tan δ, of ErCuxMn1-xO3 (0 ≤ x ≤ 0.1).
Both the relative dielectric constant ε' and the dielectric loss tan δ decrease
dramatically with increasing frequency up to 200 kHz, and then remain nearly
constant at higher frequency. Enhancements of the dielectric constant and the
dielectric loss with increasing doping level were observed, except for tan δ of the
ErCu0.05Mn0.95O3 sample in the low frequency range. The frequency dependence of
the real part of the dielectric constant of ErCu0.05Mn0.95O3, a typical sample, at
various magnetic fields is shown in Figure 2.11(b). Note that the real part of the
dielectric constant decreases with increasing magnetic field, indicating a strong
negative magnetocapacitance effect, although the samples are in the paramagnetic
state at 300 K. For example, the dielectric constant changes from 38.8 to 12.3 at 1
MHz, a decrease of 68.3%. Impedance analysis of all samples at 300 K without
magnetic fields was carried out, and the results are shown in Figure 2.12(a). The
AC resistivity decreases with rising doping level over the whole frequency range
from 100 Hz to 4 MHz. Under magnetic field, the AC resistivity of the
ErCu0.05Mn0.95O3 sample remarkably increases, as shown in Figure 2.12(b). For
instance, the resistivity increases from 174 to 569 Ω·m at 1 MHz.
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Figure 2.11 (a) Frequency dependence of the real part of the relative dielectric
constant, ε', and the dielectric loss, tan δ, of ErCuxMn1-xO3 (0 ≤ x ≤ 0.1) compounds
from 100 Hz – 4 MHz, measured at 300 K. (b) Frequency dependence of ε' of
ErCu0.05Mn0.95O3 at 300 K in different magnetic fields.
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Figure 2.12 (a) Frequency dependence of the AC resistivity of ErCuxMn1-xO3
compounds (0 ≤ x ≤ 0.1) measured at 300 K. (b) Frequency dependence of the AC
resistivity of ErCu0.05Mn0.95O3 at 300 K in different magnetic fields.
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The increase in the dielectric constant with increasing doping level is due to the
greater conductivity of the sample, which is also evidenced by the higher tan δ with
higher copper doping. The better conductivity of the samples must be attributed to
the combination of three effects, namely oxygen vacancies, the change of the band
structure by doping, and the conversion of Mn3+ into Mn4+. The emergence of
abundant Mn4+ ions may generate another transition peak, which is different from
the peak caused by the ordering of Mn3+ ions in the specific heat data. However,
only one transition peak is observed in the specific heat of ErCu0.1Mn0.9O3, which
indicates that there might be only a very tiny amount of Mn3+ ions that are
transformed into Mn4+ ions, which can not be identified in the present data. The
band structure of ErMnO3 is also possibly modified by Cu doping. The formation of
impurity bands in the band gap of ErMnO3 will increase the conductivity through
thermal activation of the electrons from the impurity band. The details need to be
investigated further. Thus, oxygen vacancies acting as charge carriers and the
modification of the band structure by doping might be two main reasons for the
enhancement of the conductivity. The observed decrease in the dielectric constant
under magnetic field is because the sample becomes more insulating in high
magnetic fields, which is verified by the increase in the AC resistivity under higher
magnetic fields. However, it is interesting that these samples become more
insulating in high magnetic fields when they are in the paramagnetic state at room
temperature, a phenomenon which needs further study.
Cole-Cole plots of the complex impedance of ErCuxMn1-xO3 compounds (0 ≤ x
≤ 0.1) at room temperature are shown in Figure 2.13. The depressed semicircle
becomes dominant with decreasing doping level, and the linear ascending tail
disappears. Generally, the depressed semicircle is caused by the bulk properties, and
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the linear tail is associated with the free charge carriers.16 Moreover, the static
resistivity decreases considerably with rising doping levels, reconfirming the better
conductivity of the samples with the higher copper content.

Figure 2.13 Cole-Cole plots of complex impedances of ErCuxMn1-xO3 compounds
(0 ≤ x ≤ 0.1) measured at 300 K. Inset: magnified plots over a selected resistivity
range for ErCu0.075Mn0.925O3 and ErCu0.1Mn0.9O3.

2.4 Conclusions
In summary, hexagonal ErCuxMn1-xO3 (0 ≤ x ≤ 0.1) compounds in single phase
were synthesized by the solid-state reaction method. The variations of the lattice
parameters a and c are caused by the combination of Jahn-Teller distortion and the
large ionic size of Cu2+ ions. Magnetic susceptibility data show a paramagnetic-like

69

behaviour without any magnetic transition observed over the temperature range,
because the antiferromagnetic moments from Mn3+ ordering are masked by the large
paramagnetic moments of Er3+ ions. However, a clear peak indicating a magnetic
transition can be observed in the specific capacity data, and it decreases from 77 K
for ErMnO3 to 61 K for ErCu0.1Mn0.9O3. Although the triangular antiferromagnetic
structure was maintained over the whole doping range, the magnetization was
enhanced with modification of the frustrated spin arrangement by the
superexchange interaction between Cu2+ ions and Mn3+ ions. Moreover, all
dielectric data confirms that the samples show better conductivity with increasing
doping level, which is possibly caused by increased oxygen vacancies and
modification of the band structure. The dielectric constant of the ErCu0.05Mn0.95O3
sample declines noticeably in higher magnetic fields due to weakening
conductivity, indicating a strong negative magnetocapacitance effect.
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Chapter 3: Iron doped multiferroic ErMnO3:
structural, magnetic, and dielectric properties

3.1 Introduction
Multiferroic materials, which can exhibit the coexistence of spontaneous
magnetic ordering and ferroelectric ordering and a coupling between them, are of
great interest and practical significance. Owing to the magnetoelectric effect,
numerous potential applications have been highly expected of multiferroic materials,
including multi-state memory devices, transducers, and magnetoelectric sensors [13]. Among quantitatively few single phase multiferroic materials, some interesting
compounds, such as RECrO3 (RE = rare earth) and BiFeO3, have been
systematically investigated to understand the intrinsic mechanism responsible for
multiferroic properties [4, 5, 6].
The hexagonal rare earth manganite family, RMnO3 (R = Ho-Lu, Y, and Sc), is
also an interesting multiferroic system owing to a strong coupling between
ferroelectric and antiferromagnetic orderings [7, 8]. They show ferroelectric
transitions over the high temperature range from 550 K to 1000 K and
antiferromagnetic transitions below 100 K. Along the c axis, the crystal structure
alternately consists of the layer of corner-sharing Mn-O5 trigonal bipyramids and
the other layer of R3+ ions having two symmetric sites. The ferroelectric ordering
originates from two anti-parallel electric dipoles along the c direction produced by
the displacement of R3+ ions relative to the eight O atoms. The antiferromagnetic
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ordering is ascribed to the frustrated triangular magnetic structure of the Mn
moments at z = 0 and z = 1/2 in the ab plane.
In previous works, different dopings at either the rare earth sites or the
manganese sites in hexagonal RMnO3 have been found to have great influences on
the crystal structure, magnetic properties, and magnetoelectric effect. Sekhar et al.
demonstrated that yttrium doping at the Er site of ErMnO3 notably modified the
frustrated triangular magnetic structure [9]. Moreover, three reports on the
substitutions of Fe for Mn in YMnO3, LuMnO3, and YbMnO3 respectively show
that the magnetic transition temperature and the temperature of the dielectric
anomaly go up with increasing iron concentration, indicating an enhanced
magnetoelectric coupling between magnetic and ferroelectric orderings with doping
[10-12]. To the best of our knowledge, no previous study focused on the synthesis
and characterization of the iron doped ErMnO3 compounds. ErMnO3 has a
ferroelectric transition at 588 K and an antiferromagnetic transition at 77 K.
Explorations of the coupling between the ferroelectric ordering and the
antiferromagnetic ordering have been made [13]. In this paper, we substituted Fe for
Mn in single phase ErFexMn1-xO3 (0 ≤ x ≤ 0.15) samples to study the Fe doping
effects on the crystal structural, magnetic, thermal, and dielectric properties of the
hexagonal ErMnO3 compound.

3.2 Experimental
The polycrystalline samples of ErFexMn1-xO3 (0 ≤ x ≤ 0.2) were synthesized by
the solid-state reaction method. Stoichiometric mixtures of Er2O3, Fe2O3, and
MnCO3 powders were ground thoroughly and annealed in air at 1000 ℃ for 16 h.
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After a second grinding, the resulting powder was compressed into a pellet again.
The final sintering was carried out in air at 1150 ℃ for 24 h. X-ray diffraction
(XRD) patterns were obtained by a GBC-MMA diffractometer using Cu Kα
radiation (λ = 1.54059 Å). Rietveld refinement was carried out by employing the
Rietica program. The magnetic properties were examined on a physical properties
measurement system (PPMS, Quantum Design), using a vibrating sample
magnetometer (VSM). The heat capacity was also obtained with the heat capacity
option of the PPMS. The dielectric properties of the pellets coated with silver paste
as electrodes, were measured by employing an HP 4194A Impedance Analyzer.

3.3 Results and discussion
3.3.1

Crystal structures

Figure 3.1 Room temperature XRD patterns of ErFexMn1-xO3 samples (0 ≤ x ≤ 0.2)
sintered at 1150℃.
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Figure 3.2 Rietveld refinement of the XRD pattern of ErFe0.15Mn0.85O3 at room
temperature. The crosses and the red solid line represent the observed intensity and
calculated intensity, respectively. The vertical marks show the positions of Bragg
diffraction. The green bottom line describes the difference between the observed
and calculated diffraction intensity.

Figure 3.1 shows the XRD patterns of ErFexMn1-xO3 compounds. The samples with
the composition of x ≤ 0.15 are in single phase. Each XRD pattern can be indexed
to the hexagonal structure with P63cm space group. For x > 0.15, impurities such as
Fe2O3 and Er2O3 begin to emerge in these compounds. The crystal structures of
ErFexMn1-xO3 (x ≤ 0.15) compounds were refined by the Rietveld method. So as to
determine the refinement quality, reliability factors are defined to compare the
difference between the observed pattern and the calculated pattern, including the w-

76

eighted profile reliability factor (RWP), the profile reliability factor (RP) and so on
[14]. The calculated curves are strongly consistent with the corresponding observed
patterns for all samples, with reliability factors smaller than Rp = 8.304% and Rwp =
10.673%. The goodness of fit of the ErFe0.15Mn0.85O3 compound is shown as a
representative example in Figure 3.2. The refined lattice parameters and atom
positions of the ErFe0.15Mn0.85O3 compound are listed in Table 3.1.

Table 3.1 Rietveld refinement data for ErFe0.15Mn0.85O3 at room temperature.

Atoms

Site

x

y

z

Er(1)

2a

0

0

-0.2335(6)

Er(2)

4b

0.3333(3)

0.6666(7)

0.2295(1)

Mn

6c

0

0.3508(4)

0.0040(5)

Fe

6c

0

0.3508(4)

0.0040(5)

O(1)

6c

0

0.3593

-0.1690(4)

O(2)

6c

0

0.3113

0.1569(3)

O(3)

2a

0

0

0.00014

O(4)

4b

0.3333(3)

0.6666(7)

0.0462(3)

Unit cell
Rp =7.947%

a = b = 6.106 Հ
Rwp = 10.431%

c = 11.4392 Հ
χ2 = 4.166

The iron doping variations of lattice parameters a and c are presented in
Figure 3.3. With increasing iron doping level, lattice parameter a and lattice
parameter c decrease up to x = 0.1 and x = 0.05, respectively, and both of them
begin to increase after the initial decrease. The decrease in both lattice parameters
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results from the small ionic radius of Fe3+ (63 pm) compared with that of Mn3+
(75.3 pm). The subsequent increases can be attributed to the competition between
the small ionic size of Fe3+ and the Jahn-Teller distortion effect. In ErMnO3, high
spin state Mn3+ (3d4) is a Jahn-Teller ion, which has no electrons in the dz2 orbital
and one unpaired electron in the dx2-y2 orbital. As a result, the Mn-O bond length
along the c axis (1.87 Å) is much shorter than in the ab plane (2.05 Å). However,
high spin state Fe3+ (3d5) in which eg and t2g orbitals are all occupied by unpaired
electrons is not a Jahn-Teller ion, so the Jahn-Teller effect is weakening with
doping. The c axis expands after x = 0.05, where the reduction in Jahn-Teller
distortion more strongly affects c axis than the small ionic size of Fe3+. a axis also
extend above x = 0.1 with a little hysteresis, where the Jahn-Teller effect is so weak
that lattice parameter a trends to be a length of c/2 in a nearly ideal ABO3 structure.

Figure 3.3 The iron doping variation of lattice parameters a and c in ErFexMn1-xO3
compound (x ≤ 0.15).
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3.3.2

Magnetic properties

Figure 3.4 FC (field-cooled) temperature dependence of DC magnetic susceptibility
of ErFexMn1-xO3 (x = 0, 0.05, 0.1, 0.15) measured in a magnetic field of H = 1000
Oe over a temperature range from 5 K to 300 K.
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Figure 3.5 Temperature dependence of the specific heat of ErFexMn1-xO3 (x = 0,
0.15) with no magnetic field.

Figure 3.4 presents the field-cooled (FC) temperature variation of the DC
susceptibility (χ-T curve) of these samples. All χ-T curves show paramagnetic
magnetization behaviour with temperature. No obvious magnetic transition was
observed over the measured temperature range from 5 K to 300 K. The explanation
is that the magnetic moment of Mn3+ ions is much smaller than that of Er3+ ions,
causing the paramagnetism of Er3+ ions to dominate χ-T curves [15]. For ErMnO3,
the effective moment of Er3+ is 9.6 μB, while the total effective moment is 10.7 μB.
However, clear transition peaks can be seen in the heat capacity data from 2 K to
160 K, shown in the Figure 3.5. The transition peak shifts from 77 K for ErMnO3 to
80 K for ErFe0.15Mn0.85O3.
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Figure 3.6 shows field-cooled (FC) temperature variation of the inverse magnetic
susceptibility (1/χ-T curve) of these samples. The Curie-Weiss temperature (θCW)
and the effective moment were calculated based on the linear part above 130 K. The
Curie-Weiss temperatures are derived as -31, -42, -45, and -37 K corresponding to x
= 0, 0.05, 0.1 and 0.15, respectively. All the values are negative, indicating the
existence of antiferromagnetic orderings. Moreover, the absolute value of θCW
which represents the average magnetic interaction strength increases dramatically
up to x = 0.1, which is followed by an apparent decrease. Notably, the doping effect
on the Curie-Weiss temperature is in agreement with the variation of lattice
parameter a. As antiferromagnetic Mn3+-O-Mn3+ superexchange interactions take
place in the ab plane, the magnetic interaction strength is affected significantly by
the variation of lattice parameter a.

Figure 3.6 Temperature dependence of the inverse magnetic susceptibility of
ErFexMn1-xO3 (x = 0, 0.05, 0.1, 0.15) in a magnetic field of H = 1000 Oe over a
temperature range from 5 K to 300 K. The solid lines are the respective CurieWeiss fittings.
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Based on the Curie-Weiss fitting, the experimental effective moments (μexp) of the
ErFexMn1-xO3 compounds are deduced as 10.7, 11.7, 10.6, and 10.7 μB, for x = 0,
0.05, 0.1, and 0.15, respectively. The corresponding theoretical effective moments
are calculated as 10.76, 10.79, 10.81, and 10.84 μB by considering the combination
of Mn3+ (S = 4, μeff = 4.9 μB), Fe3+ (S = 5/2, μeff = 5.9 μB), and Er3+ (J = 15/2, μeff =
9.6 μB). So the experimental effective moments are well consistent with the
theoretical values. Both Mn3+ and Fe3+ in these compounds remain stable in
trivalent high spin states with doping. Thus, the electron configurations of Mn3+ and
Fe3+ are in agreement with the analysis of changes in the lattice parameters.

Figure 3.7 The isothermal magnetization curves (M-H) of ErFexMn1-xO3 (x = 0,
0.05, 0.1, and 0.15) measured at 10 K with magnetic fields up to 5 T.
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As shown in Figure 3.7, the magnetization follows linear behaviour below 2 T,
and increases with a curvature in higher magnetic fields. The magnetization can not
even reach saturation in a magnetic field of 5 T. Noticeably, the linear parts of the
M-H curves are dominated by the paramagnetism of Er3+. The contribution from
antiferromagnetism becomes more and more obvious with increasing magnetic
fields. The most remarkable aspect is that the magnetization decreases with
increasing doping level. As the triangular magnetic structure is modified by the Fe
doping in these compounds, the antiferromagnetic interactions are generally
enhanced with the increment in Fe content, which increase the difficulty of
anitiferromagnetic moments in being aligned in external magnetic fields.

3.3.3

Dielectric properties

Figure 3.8 shows frequency dependence of the real part of the relative dielectric
constant, ε', and the dielectric loss, tan δ, of ErFexMn1-xO3 (0 ≤ x ≤ 0.15) measured
at room temperature. Both the relative dielectric constant ε' and the dielectric loss
tan δ decrease dramatically with the increasing frequency up to 500 KHz, and then
remain nearly constant at higher frequencies. The dielectric constant decreases with
the increasing Fe contents indicating the weakened responses to external electric
fields, while the dielectric loss goes up as the Fe doping level increases. Figure 3.9
shows the real part of complex impedance of the ErFexMn1-xO3 (0 ≤ x ≤ 0.15)
samples increases for higher doping levels over the whole frequency range from
100 Hz to 4 MHz. Hence, these compounds become more insulating with the more
Fe contents. The reasonable explanation is that the valence of Fe3+ ions in the
ErFexMn1-xO3 compounds are very stable, which reduces movable charges possibly
produced by oxygen vacancies and the tiny conversion from the Mn3+ ions into the
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Mn2+ ions. The dielectric loss is affected by two contributions, conductivity and
dipole relaxation. Since the conductivities of our samples are reduced with
increasing doping, the increment of dielectric loss with doping is attributed to the
enhancement of dipole relaxation that is an intrinsic property of dipoles. Thus, the
dipoles in ErMnO3 are modified through Fe doping, whose overall performances are
responsible for the enhancement of dielectric loss with increases in doping levels.

Figure 3.8 Frequency dependence of (a) the real part of relative dielectric constant,
ε′, and of (b) the dielectric loss, tanδ, of the ErFexMn1-xO3 (0 ≤ x ≤ 0.15)
compounds measured from 100 Hz to 4 MHz at room temperature.
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Figure 3.9 Frequency variation of the real part of complex impedance of the
ErFexMn1-xO3 (0 ≤ x ≤ 0.15) compounds measured from 100 Hz to 4 MHz at room
temperature.
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3.4 Conclusions
In conclusion, we synthesized single phase hexagonal ErFexMn1-xO3 (0 ≤ x ≤
0.15) compounds by the solid-state reaction method. The variations of the lattice
parameters a and c can be attributed to the combination of the Jahn-Teller effect and
the small radius of the Fe3+ ions. The heat capacity data shows the
antiferromagnetic transition temperature slightly shifts from 77 K for ErMnO3 to 80
K for ErFe0.15Mn0.85O3. Both Fe3+ and Mn3+ ions remain stable in trivalent high spin
states with doping. In this doping system, the variation trend of the magnetic
properties with doping are in good agreement with the changes of the crystal
structure, indicating a strong influence of the crystal structure on the triangular
antiferromagnetic structure in ErMnO3. The increment in the real part of complex
impedance with increasing doping levels indicates enhanced insulativity, as the Fe3+
ions with good valence stability in these compounds reduces the occurrence of
oxygen vacancy and the density of transition metals with variable valences.
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Chapter 4: The structural, magnetic, dielectric, and
ferroelectric properties of the hexagonal manganites
Ho1-xErxMnO3

4.1 Introduction
Rare earth manganites, RMnO3, possess two phases according to the ionic radii
of the rare earth elements. The compounds with small atoms (R = Ho to Lu, Y, and
Sc) crystallize in the hexagonal structure, while the others with large R atoms (R =
La to Dy) crystallize in the orthorhombic phase. Since ferroelectricity can only be
observed in the hexagonal manganites with the non-centrosymmetric p63cm space
group, these compounds have attracted great interest due to the coupling between
ferroelectric and antiferromagnetic orderings [1, 2]. The strong coupling allows
magnetization and electrical polarization to be mutually controlled in an external
electrical field and an external magnetic field, respectively. The novel property
makes such multiferroic compounds promising in potential applications, such as
spintronics devices, multistate memory storage, transducers, actuators, and
magnetoelectric sensors [3, 4].
The hexagonal RMnO3 compounds show ferroelectric transitions (TC) at high
temperatures in the range of 590-1000 K and antiferromagnetic transitions (TN) at
low temperatures from 70-130 K [5, 6]. Their crystal structures are constructed
alternatively from two layers along the c axis. One layer consists of the cornersharing Mn-O5 trigonal bipyramids, where Mn3+ ions are encompassed by three in-
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plane oxygen ions and two apical oxygen ions [7]. The other layer comprises eightfold coordinated rare earth ions with two symmetric sites. The hexagonal RMnO3
compounds are characterized by the frustrated triangular magnetic structure of the
Mn3+ moments in the ab plane, with neighboring Mn spins rotated by 120° [5].
Mn3+ ions are antiferromagnetically coupled below TN by Mn-O-Mn superexchange
interactions through in-plane oxygen ions. The ferroelectric ordering along the c
axis is attributed to two kinds of anti-parallel electric dipoles produced by the R-O
displacements [8].
The

hexagonal

HoMnO3

and

ErMnO3

individually

have

similar

antiferromagnetic transitions at 72 K and 76 K. However, their ferroelectric
transition temperatures have a large difference, 875 K for HoMnO3 and 525 K for
ErMnO3 [9, 10]. The coupling between antiferromagnetic and ferroelectric
orderings has been proved by magnetic field dependence of ferroelectric
polarization below antiferromagnetic transition temperature [11]. In addition,
HoMnO3 exhibits spin reorientation of Mn3+ ions at 33 K and antiferromagnetic
ordering of Ho3+ ions below around 5 K [12]. However, there is only one magnetic
transition below 5 K in ErMnO3 due to the ferrimagnetic ordering of Er3+ spins [13].
Despite the crystal structures of HoMnO3 and ErMnO3 are quite similar, the
mutual doping in Ho1-xErxMnO3 provides a chance to investigate additional
contributions to the doping effects. Especially, large differences in ferroelectric
transitions make it significant to investigate how the ferroelectric and dielectric
properties are modified through mutual doping between HoMnO3 and ErMnO3.
Zhou et al. studied the magnetic phase diagram of the Ho1-xErxMnO3 system with a
maximum doping level of x = 0.4 by studying the specific heat and the dielectric
constant at low temperatures [14]. The aim of this work is to investigate how the
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mutual doping affects crystal structures, antiferromagnetic states, as well as the
dielectric and ferroelectric properties of the Ho1-xErxMnO3 system. The investigated
doping levels of this system have been extended up to x = 1. Moreover, the high
temperature dielectric properties have been particularly examined. It is found that
all the samples are ferroelectric materials that possess a dielectric relaxation process
caused by oxygen vacancies.

4.2 Experimental
Polycrystalline samples of Ho1-xErxMnO3 (0 ≤ x ≤ 1) were synthesized by the
conventional solid-state reaction method, using Ho2O3, Er2O3 and MnCO3 with
purity of 99.9% as starting materials. Stoichiometric mixtures of these compounds
were ground thoroughly, hydrostatically pressed into a pellet, and annealed in air at
1000 ℃ for 16 h. After a second grinding, the resulting powder was compressed
into a pellet again. The final sintering was carried out in air at 1200 ℃ for 24 h. The
X-ray diffraction (XRD) patterns of all samples were obtained by a GBC-MMA
diffractometer using Cu Kα radiation (λ = 1.54059 Å). Rietveld refinement of the
XRD data was carried out using the Rietica program. The magnetic properties were
examined on a physical properties measurement system (PPMS, Quantum Design),
using a vibrating sample magnetometer (VSM). Magnetic susceptibility data were
collected between 5 K and 300 K at a magnetic field of 1000 Oe under both zerofield-cooled (ZFC) and field-cooled (FC) process. The specific heat capacity was
obtained without magnetic fields by using the specific heat option in PPMS. The
dielectric properties of pellets that were coated with gold as electrodes were
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measured from 350 K to 800 K within the frequency range from 10 kHz to 100 kHz
by utilizing an HP 4284A LCR meter. Ferroelectric hysteresis loops were measured
at room temperature with the frequency of 1 kHz using an aixACCT TF 2000
ferroelectric tester.

4. 3 Results and Discussion
4.3.1

Crystal structure

Figure 4.1 Room temperature XRD patterns of Ho1-xErxMnO3 (x = 0, 0.2, 0.4, 0.6,
0.8, 1) compounds.

The samples with the composition of x = 0 − 0.4 and 0.7 − 1 are all in single
phase. As can be seen in Figure 4.1, each XRD reflection peak can be indexed
according to the hexagonal structure with the P63cm space group, in agreement with
previous reports [15, 16]. The diffraction peaks are quite distinct and shift to higher
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angles with increasing Er doping levels. The XRD peak splitting of the Ho1xErxMnO3

samples with x = 0.5 and 0.6 at 51.5˚ and 61.5˚ indicates the coexistence

of ErMnO3 and HoMnO3 phases, which is also confirmed later by two transition
peaks at 72 K and 76 K in the specific heat data. Zhou et al. investigated the
magnetic phase diagram of single-crystalline Ho1-xErxMnO3 samples with a
maximum doping level of only x = 0.4, greatly supporting our observations that the
mixed-phase samples with x = 0.5 and 0.6 show distinctive chemical phase
separation. The chemical immiscibility is likely despite of the small differences in
the sizes between Ho3+ and Er3+ ions.
The Rietveld refinement method was used to refine the XRD patterns of all
single phase compounds. The goodness of fit of Ho0.3Er0.7MnO3 is shown as a
typical example in Figure 4.2, illustrating that the calculated XRD pattern well
matches the observed pattern. A summary of refinement results, including lattice
parameters, atomic positions, and agreement factors, is given in Table 4.1. The
agreement factors of all the samples are no larger than Rp = 10% and Rwp = 12.9%.
Both calculated lattice parameters and structural data are in good line with another
reported work [17].
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Figure 4.2 Rietveld refinement results on the XRD pattern of Ho0.3Er0.7MnO3
sample. The cross marks and red line are the experimental pattern and the calculated
pattern, respectively. The blue vertical marks are the peak positions of Bragg
diffraction. The green line at the bottom is the difference between the experimental
pattern and the calculated pattern. RP = 8.07% and RWP = 10.26%. Insets:
schematic illustrations of the crystal structure (right) and the three-dimensional MnO5 trigonal bipyramids (left) of RMnO3 along the ab plane. Blue balls and red
polyhedra represent the rare earth atoms and Mn-O5 trigonal bipyramids,
respectively.
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Table 4.1 Rietveld refinement summary for Ho1-xErxMnO3 (x = 0, 0.1, 0.2, 0.4, 0.7,
0.8, 0.9, and 1).
x=0

x = 0.2

x = 0.4

Ours

Ref.

a (Å)

6.1493

6.1518

6.1478

6.1445

6.1362

c (Å)

11.4165

11.4131

11.4154

11.4167

11.4137

Ho(1)

2a(0,0,z)

z

0.27137

0.2831

0.27169

0.27156

0.27310

Ho(2)

4b( 1 3 , 2 3 ,z)

z

0.22964

0.2421

0.23184

0.23060

0.23146

Er(1)

2a(0,0,z)

z

0.27169

0.27156

0.27310

Er(2)

4b( 1 3 , 2 3 ,z)

z

0.23184

0.23060

0.23146

Mn

6c(x,0,0)

x

0.32033

0.3332

0.31769

0.33055

0.32240

O(1)

6c(x,0,z)

x

0.38237

0.3002

0.45263

0.72339

0.30540

z

0.47656

0.1451

0.03661

0.03460

0.14987

O(2)

6c(x,0,z)

x

0.64330

0.6433

0.64713

0.64259

0.64072

z

0.33628

0.3231

0.32982

0.33016

0.32646

O(3)

2a(0,0,z)

z

0.49553

0.4982

0.49074

0.49483

0.49244

O(4)

4b( 1 3 , 2 3 ,z)

z

0.02726

0.0372

0.02839

0.03046

0.02540

9.638

8.597

8.926

12.454

11.084

11.512

4.198

3.618

3.93

Rp (%)

9.668

Rwp (%)

12.29

χ2

3.742
x = 0.7

10.1

x = 0.8

x = 0.9

x=1
Ours

Ref. a

a (Å)

6.1211

6.1167

6.1158

6.1155

6.1215

c (Å)

11.3923

11.3888

11.3895

11.4060

11.4101

Ho(1)

2a(0,0,z)

z

0.27310

0.27310

0.27310

Ho(2)

4b( 1 3 , 2 3 ,z)

z

0.23060

0.23206

0.23206

Er(1)

2a(0,0,z)

z

0.27310

0.27310

0.27310

0.28720

0.2761

Er(2)

4b( 1 3 , 2 3 ,z)

z

0.23060

0.23206

0.23206

0.22952

0.2341

Mn

6c(x,0,0)

x

0.32240

0.32240

0.34991

0.31299

0.3441

O(1)

6c(x,0,z)

x

0.29052

0.31782

0.30419

0.30540

0.2892

z

0.15319

0.15617

0.17284

0.14873

0.1522

x

0.65149

0.63266

0.64330

0.65697

0.6452

z

0.33260

0.33260

0.36074

0.30509

0.3271

O(2)

6c(x,0,z)

O(3)

2a(0,0,z)

z

0.47630

0.48655

0.46010

0.23119

0.4912

O(4)

4b( 1 3 , 2 3 ,z)

z

0.01700

0.02243

0.03314

0.01700

0.0251

Rp (%)

8.069

8.502

8.63

9.986

Rwp (%)

10.261

10.665

11.118

12.879

3.872

4.333

5.03

4.92

2

χ
a

x = 0.1
a

Reference [17].

7.9
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Figure 4.3 presents the Er doping variations of the lattice parameters a and c of
the single phase Ho1-xErxMnO3 compounds. The a lattice parameter decreases as the
Er content increases, whereas the c lattice parameter, ranging from 11.39 Å to
11.42 Å, nearly keeps constant with pretty minor fluctuations. The decreases in the
a lattice parameter is ascribed to the small ionic radius of Er3+ ions (103 pm)
compared with that of Ho3+ ions (104.1 pm). The evolutions of ab-plane Mn-O3
and Mn-O4 bond lengths with the Er content are shown in Figure 4.4. The Mn-O3
bond lengths show a general increasing trend from 1.96 Å for x = 0 to 2.22 Å for x
= 1 with certain fluctuations. In contrast, the Mn-O4 bond lengths show a fluctuant
decrease over a smaller range from 2.11 Å for x = 0 to 2.02 Å for x = 1. The MnO1 and Mn-O2 bond lengths along the c axis exhibit minor changes with doping,
which are not shown here. In order to better understand variations of the crystal
structure, the schematic illustrations of the crystal structure of RMnO3 and Mn-O5
trigonal bipyramids along the ab plane are shown in the inset of Figure 4.2. In
general, the Er doping does not notably affect the structure of the Mn-O5
polyhedron, in agreement with the weak changes of the trigonal bipyramidal crystal
field, which is proved by the fact that the Mn3+ ions (3d4) remain in the high spin
state (S = 2) throughout the whole doping range.
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Figure 4.3 Evolutions of lattice parameters a and c of Ho1-xErxMnO3 (x = 0, 0.1,
0.2, 0.4, 0.7, 0.8, 0.9, 1) compounds with Er concentration.

Figure 4.4 The Er doping variation of Mn-O3 bond length and Mn-O4 bond length
of Ho1-xErxMnO3 compounds.
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4.3.2

Dielectric properties
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Figure 4.5 The temperature dependent of the relative dielectric constant of Ho1xErxMnO3

(x = 0, 0.1, 0.2, 0.4, 0.7, 0.8, 0.9, 1) at different frequencies.

Figure 4.5 shows the temperature dependence of the relative dielectric constant
of Ho1-xErxMnO3 (x = 0, 0.1, 0.2, 0.4, 0.7, 0.8, 0.9, 1) at different frequencies of 40
kHz, 71 kHz, and 100 kHz. No previous data about high-temperature dielectric
constant of the Ho1-xErxMnO3 system were ever reported except of ErMnO3
measured at a fixed frequency [9], to which the dielectric constant value of our
ErMnO3 sample is comparable. In the ε-T curve of HoMnO3, the dielectric constant
is independent of frequency and temperature, with a value of about 60 below 400 K.
Once the temperature exceeds 400 K, the dielectric constants go up dramatically
with strong dispersions, which are followed by a plateau with ε ≈ 310 from 620 K to
700 K. The drop-off temperature (Tm), where the dielectric constant on the plateau
begins to reduce with decreasing temperatures, shifts towards higher temperatures
as frequencies increases, indicating dielectric relaxation behaviour in this
compound. Above 750 K, the dielectric constants display a second sharp increase
at higher temperatures. This is caused by enhanced current leakage, since grain
boundaries have large conductivity and oxygen loss at high temperatures. Thus,
large oxygen loss is responsible for the absence of high-temperature ferroelectric
transitions in the temperature dependence of the dielectric constants, which occurs
in all as-prepared samples. ErMnO3 shows similar relaxation behaviour below 550
K. The plateau, with ε ≈ 270, is extended over a temperature range from 550 K to
700 K. The increase in the dielectric constants above 750 K is not so sharp as in
HoMnO3, indicative of different oxygen diffusion behaviour at high temperatures.
Regarding the other doped samples, strong relaxation behaviour is also observed
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below T = 480 K. Thus, all single phase Ho1-xErxMnO3 compounds possess a
dielectric relaxation process. However, the temperature dependent dielectric
constants of the doped samples have two differences from those of the two undoped
samples. Firstly, the dielectric constant values of doped samples, except with x =
0.4, are much smaller than those of the HoMnO3 and ErMnO3 samples. Moreover,
broad peaks appear instead of step-like decreases over a wide temperature range
from 350 K to 650 K. The dielectric relaxation processes mentioned above are also
confirmed by corresponding frequency-dependent dielectric steps or broad peaks in
the temperature dependence of the imaginary part of dielectric constant, which are
shown in Figure 4.6 with Ho1-xErxMnO3 (x = 0, 0.4, 0.7, and 1) as representative
samples. The variations of drop-off temperatures (Tm) with frequencies are fitted
with Arrhenius law f = f 0 exp(− E0 / K BTm ) , where E is activation energy, K is
0
B
Boltzman parameter, f0 is the characteristic relaxation frequency at infinite
temperature. As can been seen in the insets of Figure 4.6, measured frequencies
well obey the Arrhenius law with fitting parameters f0 = 2.91×1015 Hz and E0 = 1.27
eV for HoMnO3, f0 = 6.20×1011 Hz and E0 = 0.65 eV for Ho0.6Er0.4MnO3, f0 =
9.60×1011 Hz and E0 = 0.62 eV for Ho0.3Er0.7MnO3, f0 = 1.60×1011 Hz and E0 =
0.64 eV for ErMnO3. These activation energy are reasonable compared with 0.98 eV
for Bi0.8Ba0.2Fe0.8Mn0.2O3 [18], 0.59 eV for BaTiO3 [19]. They are close to typical 1
eV of the oxygen vacancies mobility activation energy, suggesting the observed
dielectric relaxation of the Ho1-xErxMnO3 system is induced by oxygen vacancies.
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Figure 4.6 Variation of the imaginary part of dielectric constant of Ho1-xErxMnO3 (x =
0, 0.4, 0.7, 1) with temperature at different frequencies. Insets: Measured frequency as
a function of 1000/T, where square symbols are experimental points and solid lines
are Arrhenius fittings.
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4.3.3

Ferroelectric properties

Figure 4.7 Ferroelectric hysteresis loops of Ho1-xErxMnO3 (x = 0, 0.2, 0.7, 1)
collected at room temperature.

Ferroelectric hysteresis loops of Ho1-xErxMnO3 (x = 0, 0.2, 0.7, 1) compounds
collected at the frequency of 1 kHz at room temperature are shown in Figure 4.7.
We did not observe saturation in these loops due to the leaky nature of ceramic
samples. HoMnO3 and ErMnO3 are much leakier compared with Ho0.8Er0.2MnO3
and Ho0.3Er0.7MnO3. The remnant polarizations for Ho1-xErxMnO3 (x = 0, 0.2, 0.7,
1) compounds are 0.01, 0.004, 0.01, and 0.05 μC/cm2, respectively, and the
corresponding coercive fields are 7.10, 3.97, 6.45, and 8.45 kV/cm in sequence. The
ferroelectric polarization values of as-prepared samples are small in contrast with
thin films and those synthesized by pyrophoric reaction process [9, 20]. Even
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though the hysteresis loops are small, they are still significant enough to definitely
confirm the ferroelectricity of the Ho1-xErxMnO3 compounds.

4.3.4

Magnetic properties

Figure 4.8 Temperature dependence of the DC magnetic susceptibility of Ho1xErxMnO3 (x

= 0, 0.2, 0.4, 0.8, 1) measured under the FC ( field-cooled ) process in

a magnetic field of 1000 Oe over a temperature range from 5 K to 300 K.
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Figure 4.9 Temperature dependence of the inverse magnetic susceptibility of Ho1xErxMnO3 (x

= 0, 0.2, 0.4, 0.8, 1).

Figure 4.8 presents the FC (field-cooled) χ-T curves of Ho1-xErxMnO3 (x = 0,
0.2, 0.4, 0.8, 1) under a magnetic field of 1000 Oe. These χ-T curves all show a
paramagnetic-like behaviour. The FC and zero-field cooled (ZFC) curves overlap
over the whole temperature range, and no clear magnetic transition peaks are
observed, similar to previous reports [21]. This is because the paramagnetism
originating from the Ho3+ and Er3+ ions masks the antiferromagnetic moments from
the Mn-Mn ordering. The inverse magnetic susceptibility data exhibit linear
behaviour above 100 K, as shown in Figure 4.9. The Curie-Weiss temperatures
(θcw) and effective magnetic moments were calculated based on linear parts
according to the Curie-Weiss fitting. For example, the respective θcw values are -23
K for ErMnO3 and -21 K for HoMnO3, implying the existence of antiferromagnetic
ordering below the Néel temperature (TN). The experimental effective magnetic
moments of the Ho1-xErxMnO3 (x = 0, 0.2, 0.4, 0.8, and 1) samples are 11.3, 11.1,
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11.7, 10.5, and 10.4 μB, respectively, with μB the Bohr magneton, which are well
consistent with the theoretical magnetic moments calculated from 10.6 μB for Ho3+
(S = 2, J = 8), 9.6 μB for Er3+ (S = 3/2, J = 15/2), and 4.9 μB for Mn3+ (S = 2). Thus
Mn3+ ions (3d4) in single phase samples remain stable in the high spin state. As the
Mn3+ ions possess three energy levels in the trigonal bipyramidal crystal field, the
dz2 orbitals of the high spin Mn3+ ions are not occupied by any electrons. The Er
doping at the Ho sites does not affect the crystal field of the Mn-O5 polyhedron
significantly, responsible for stability of the spin state of the Mn3+ ion.

Figure 4.10 Isothermal magnetization curves of Ho1-xErxMnO3 (x = 0, 0.2, 0.4, 0.8,
1) measured at 10 K under magnetic fields up to 5 T.
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The isothermal magnetization (M-H) curves of Ho1-xErxMnO3 (x = 0, 0.2, 0.4,
0.8, 1) measured at 10 K are shown in Figure 4.10. The magnetizations of these
samples increase linearly with increasing magnetic field below 20 kOe and do not
saturate up to 50 kOe. As for HoMnO3 and ErMnO3, the magnetization at 50 kOe is
5.6 μB and 3.7μB, respectively, which is much smaller than the corresponding
theoretical saturated values of 8 μB and 7 μB. Moreover, the magnetizations of these
samples decrease according to the increasing erbium concentration, as a result of
the smaller effective magnetic moment of Er3+ (9.6 μB) compared to Ho3+ (10.6 μB).

4.3.5

Thermal properties

Figure 4.11 The temperature variation of specific heat capacities of Ho1-xErxMnO3
(x = 0, 0.3, 0.5, 0.8, 1). Inset shows the anomaly in the vicinity of TN for the x=0.5
sample.
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Figure 4.12 The temperature dependence of the heat capacity of (a) ErMnO3 and
(b) HoMnO3. The red lines are the smooth backgrounds obtained with a third-order
polynomial fitting. The upper left insets: the excess magnetic heat capacity (open
circle symbols) of the compounds extracted from the heat capacity by substracting the
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corresponding smooth backgrounds. Blue lines show the temperature dependence of
the magnetic entropy. The lower right insets: the temperature dependence of the heat
capacity over the temperature range from 2 K to 30 K. Red lines represent the fitting
with C P(T) = γT + βT 3 .

The temperature dependence of the specific heat (CP) for the Ho1-xErxMnO3 (x =
0, 0.3, 0.5, 0.8, 1) samples was measured from 2 K to 100 K without magnetic
fields, as shown in Figure 4.11. Our specific heat data is in good line with previous
reports [15, 22]. The characteristic λ-shape anomalies observed in all the samples
are caused by the phase transition from a conventional second-order paramagnetic
phase to an antiferromagnetic phase. As the Er content increases, the CP anomaly
peak position gradually shifts from 72 K for HoMnO3 to 76 K for ErMnO3,
indicating that the increasing Er content enhances the antiferromagnetic transition
temperature. It is noteworthy that two transition peaks at 72 K and 76 K were
observed in the sample with x = 0.5 due to the coexistence of ErMnO3 and HoMnO3
phases, supporting the analysis of XRD patterns. A small peak observed in
HoMnO3 at very low temperature (~12 K) is possibly ascribed to the
antiferromagnetic ordering of the Ho3+ ions [22]. In order to study the excess
magnetic heat capacity (ΔCP), smooth backgrounds of lattice contribution to
specific heat were extracted using a third-order polynomial fitting exclusive of the
regions around TN from the CP-T data of HoMnO3 and ErMnO3, as illustrated in
Figure 4.12. In the upper left insets of Figure 4.12, the magnetic entropy changes
(ΔSMag) near TN, corresponding to the variation of disordering around the transition
from a paramagnetic state to an antiferromagnetic state, can be calculated from
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ΔS Mag =

T2

ΔC p

T1

T

∫

dT

, where T1 and T2 define a temperature range around TN, e.g., TN ±

25 K. The calculated ΔSMag are 0.745 J/mol K for ErMnO3 and 0.728 J/mol K for
HoMnO3, respectively. These ΔSMag values are comparable to 1.3 J/mol K for
ScMnO3 and 0.67 J/mol K for La0.2Ca0.8MnO3 [16, 23]. The theoretical value of
ΔSMag, known as the magnetic entropy changes for the transition from a
paramagnetic state to a perfectly ordered state, is obtained through the equation of
ΔStheo = R ln(2 S + 1) ,

where S is the spin number of Mn3+ ions in these samples and R is

the molar gas constant. Thus, the calculated values are much smaller than the
theoretical values of Rln5 = 13.38 J/mol K. The deviations occur as a result that
either a larger proportion of the spin entropy is “located” at low temperature or
short-range magnetic correlations persist to temperatures much higher than TN [23].
The lower right insets show the curves in the low-temperature region (2 K < T < 30
K), which are fitted by C P(T) = γT + βT 3 , where the γT term describes the electronic
contribution to specific heat due to free charges and the βT 3 term describes the
lattice contribution arising from lattice vibration. The Sommerfeld coefficient γ to
identify the electronic linear term is given in a free-electron model by
γ = π 2 k B 2 N ( E F ) / 3 , where N(EF) is the density of states at the Fermi level. The

coefficient β of lattice contribution is given in the Debye model by β = 234 Nk B / Θ D 3 ,
where N is the number of ions/mole and ΘD is the Debye temperature that
represents the effective cut-off phonon energy of materials. ErMnO3 has γ = 6×10-6
J/mol K2 and β = 3.5×10-5 J/mol K4, while HoMnO3 has γ = 0.038 J/mol K2 and β =
1.29×10-4 J/mol K4. As the density of charge carriers is proportional to the value of
γ, the current leakage of HoMnO3 is larger than that of ErMnO3, consistent with
observations from ferroelectric hysteresis loops. It is also proven that the HoMnO3
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and ErMnO3 samples synthesized by solid state reaction method are dielectric
materials with distinct current leaky nature. The Debye temperatures ΘD are 381 K
for ErMnO3 and 422 K for HoMnO3. These calculated values agree well with other
reported work [24].

4.4 Conclusions
Single phase Ho1-xErxMnO3 (0 ≤ x ≤ 0.4 and 0.7 ≤ x ≤ 1) compounds were
synthesized by the solid state reaction method. The decreases in both the a lattice
parameter with increasing Er content are caused by the small ionic radius of the Er3+
ions. All the samples are not only ferroelectric materials with current leaky nature,
but also with dielectric relaxtion related to oxygen vacancies. Nevertheless, the high
oxygen loss at high temperature prevents the appearance of high-temperature
ferroelectric transition peaks in the dielectric constant data. The weakening
magnetizations of the samples with the higher Er doping levels are due to smaller
magnetic moments of the Er3+ ions compared to those of the Ho3+ ions, meanwhile
the Mn3+ ions remain stable in the high spin state. The antiferromagnetic transitions,
which can not be observed in the magnetic susceptibility data, are confirmed in the
specific heat measurements, where the TN gradually shifts from 72 K for HoMnO3
to 76 K for ErMnO3.
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Chapter 5: Conclusions and recommendations

In this thesis, the doping effects on the crystal structures, magnetic properties,
dielectric properties, specific heat properties, and ferroelectric properties of
hexagonal manganites are systematically characterized in three systems, including
ErCuxMn1-xO3 (0 ≤ x ≤ 0.1), ErFexMn1-xO3 (0 ≤ x ≤ 0.15), and Ho1-xErxMnO3 (0 ≤ x
≤ 1). All these samples were synthesized by the solid state reaction method.
The Cu2+ ion is not only a divalent alkaline-earth ion, but also a Jahn-Teller ion,
which plays an important role in the unique features of the ErCuxMn1-xO3 (0 ≤ x ≤
0.1) system. The evolution of lattice parameters with doping levels is ascribed to the
combination of three factors, namely the large ionic size of the Cu2+ ions as well as
the Jahn-Teller effects from both Cu2+ and Mn3+ ions. The ferromagnetic
superexchange interactions between Cu2+ and Mn3+ moments lead to increasing
magnetization with doping. However, the antiferromagnetic transition temperature
decreases from 77 K for ErMnO3 to 61 K for ErCu0.1Mn0.9O3. The dielectric
properties suggest that the samples become more conductive with increasing Cu
content, which is possibly explained by increased oxygen vacancies and
modification of the band structure. Remarkably, the dielectric constant decreases
with magnetic fields at room temperature, implying a negative magnetocapacitance
effect. This exciting negative magnetocapcitance effect is a novel property reported
for the first time in this system, the mechanism of which is a highlight of work next
step.
In the ErFexMn1-xO3 (0 ≤ x ≤ 0.15) compounds, the Fe3+ ion is not a Jahn-Teller
ion like the Mn3+ ion. Thus the Jahn-Teller effect is weakened by the Fe doping.
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The small ionic radius of Fe3+ ions and the decreasing Jahn-Teller effect are
responsible for the initial decline of both lattice parameters followed by the
increases at high doping levels. The antiferromagnetic transition temperature
increases from 77 K for ErMnO3 to 80 K for ErFe0.15Mn0.85O3. The doping effect on
the Curie-Weiss temperature is in good agreement with the corresponding variation
of lattice parameter a, indicating a strong influence of the crystal structure on the
triangular antiferromagnetic structure in ErMnO3 compound. Nevertheless, the
magnetization of ErFexMn1-xO3 compounds decreases with increasing doping level,
as the antiferromagnetic interactions are generally enhanced through in increment in
Fe content. The dielectric properties show the insulativity of doped samples is
enhanced by increasing Fe3+ concentration, since the valence of Fe3+ ions in the
ErFexMn1-xO3 compounds are very stable, which reduces movable charges possibly
produced by oxygen vacancies and the tiny conversion from the Mn3+ ions into the
Mn2+ ions.
The Er and Ho mutual doping effects on Ho1-xErxMnO3 (0 ≤ x ≤ 1) were
examined by analysing the crystal structures, magnetic properties, dielectric
properties, and ferroelectric properties. Except for the mixed phase samples with the
composition of x = 0.5 and 0.6, the a lattice parameter decreases as the Er content
increases, whereas the c lattice parameter nearly keeps constant with pretty minor
fluctuations. The Néel temperature is enhanced from 72 K to 76 K with increasing
Er content in single phase samples. Moreover, all single phase samples show
dielectric relaxation behaviour, because strong frequency dispersion and shift of the
drop-off temperature with increasing frequency below 450 K are observed in
temperature dependent dielectric constant plots. However, oxygen loss in ceramic
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samples is very large at high temperature, which hinders the observation of
ferroelectric transitions in these compounds.
Generally, there are several typical features in the three doping systems in this
thesis. Firstly, both A-site doping and B-site doping can obviously affect the crystal
structures, mainly through the combination of the Jahn-Teller effect and the ionic
size of doping ions. Secondly, each system shows separate enhancements of either
magnetization or the Néel temperature, rather than simultaneous increases in both.
In addition, all transition metals in these systems remain stable in the high spin state,
indicating the weak impact of doping on the Mn-O5 trigonal bipyramidal crystal
field. Thus, the multiferroic properties of the hexagonal manganites are only
partially improved by both A-site and B-site doping. In order to realize the practical
applications of the hexagonal manganites, additional types of chemical doping still
need to be investigated in the hexagonal manganites.
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